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Abstract

Laser powder bed fusion (L-PBF) refers to an additive manufacturing (AM) process in
which a high-intensity laser source melts powders in a layer-by-layer manner to fabricate
parts based on a computer-aided design (CAD) model without almost any geometrical
limitations. The development of the L-PBF process has provided an outstanding
opportunity to manufacture unique parts which are practically impossible to be produced
by conventional manufacturing methods. The L-PBF process also does not require intricate
build tools and assembly processes. However, quality issues such as non-uniform
microstructure or mechanical properties, porosities, and surface roughness deteriorate the
quality of the parts fabricated by the L-PBF process. Therefore, the reliability and the
repeatability of the process are required to be addressed.

This study deals with improving the quality of the part fabricated by the L-PBF process
and making the process more reliable and repeatable. The control 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, proportional (P), adaptive P, and quasi sliding
mode, were developed to control the melt pool temperature for the Inconel 625 superalloy.
An analytical-experimental model was presented to evaluate the performance of controllers
via simulation. A monitoring system consisting of a two-color pyrometer was utilized off-
axially to monitor the melt pool temperature for use by the controllers as a feedback signal.

The results indicated that the control approach led to microhardness and microstructure
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uniformity, resulting from the reduced variation in the primary dendrite arm spacing
compared to the case with constant process parameters. Second, the control approach was
utilized to produce optimum parts instead of using the energy density criterion.
Temperature domains corresponding to the most common porosities, namely, lack of
fusion (LOF), lack of penetration (LOP), 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 defect-free and from defect-free to keyhole zones, respectively. A
proportional-integral-derivative (PID) controller was used to maintain the melt pool
temperature within the safe zone during the L-PBF 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 time in the order of the printing time for a few layers
was required to reach the steady-state condition at which defect-free parts could be
obtained. Finally, minimizing the top surface roughness of the parts manufactured by the
L-PBF process by deploying a Feedforward plus Feedback control system was 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 monitoring system consisting of a high-speed 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 using the imaging system and subsequent image processing.
An experimental model was developed, and the control system was designed accordingly.
Both simulations and experimental results showed excellent transient performance of the
control system to 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

il
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geometries. The results obtained from this study indicated that controlling the geometry of
the melt pool can mitigate significant defects occurring during the process and minimize

the top surface roughness.

iii
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Preface

This Ph.D. thesis is an integrated article thesis, also known as a sandwich thesis, which has
been composed of five main chapters, all focusing on the monitoring and control for laser
powder bed fusion additive manufacturing. The chapters represent papers that are either
published or under consideration for publication in authentic international journals. The

followings list them in the order of the year:

Chapter 1 introduces 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 and repeatable.

Chapter 2: is focused on the microstructure control of Inconel 625 during the laser powder
bed fusion process. This chapter is an extended version of a published research paper:
Hossein Rezaeifar and M. A. Elbestawi. "On-line melt pool temperature control in L-PBF
additive manufacturing." The International Journal of Advanced Manufacturing

Technology 112, no. 9 (2021): 2789-2804.

Chapter 3: deals with quality control of the laser powder bed fusion (L-PBF) process using
a temperature measurement approach rather than the commonly used energy density
criterion. A version of this chapter was published as a research paper: Hossein Rezaeifar
and Mohamed Elbestawi. "Porosity formation mitigation in laser powder bed fusion

process using a control approach." Optics & Laser Technology 147 (2022): 107611.

v
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Chapter 4: discusses minimizing the top surface roughness of the part manufactured by
the laser powder bed fusion (L-PBF) process by deploying a Feedforward plus Feedback
control system. A version of this chapter is submitted to the journal of manufacturing
processes: Hossein Rezaeifar and Mohamed Elbestawi. " Minimizing the surface
roughness in L-PBF additive manufacturing process using a combined feedforward plus

feedback control system."

Chapter 5 summarizes the main conclusions and contribution of the thesis, highlights the
strength and limitations, and presents some suggestions for future work. Finally, 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 effort in controlling the quality
of the final products in different manufacturing processes. The reason behind controlling
the quality is making the processes more reliable and repeatable. Therefore, controlling the
quality of the parts fabricated by a manufacturing process is a potential candidate for

research in the manufacturing area.

Additive manufacturing (AM) is a fabrication process that shapes and consolidates the
powder feedstock to arbitrary configurations in a layer-wise fashion by taking the
information from a CAD file. It is currently one of the rapidly growing advanced
manufacturing techniques in the world [1,2]. Additive manufacturing technology, which
involves a comprehensive integration of materials science, mechanical engineering, and

laser technology, is an important revolution in the manufacturing industry [3].

Several AM techniques are currently commercially available for processing different
materials, including metals, ceramics, and polymers. The laser powder bed fusion (L-PBF)
process is a well-established additive manufacturing (AM) technology in which metal
powders are fused layer-by-layer to fabricate near-net-shape parts in two main stages. First,
the powder is uniformly deposited on a substrate. Then, a high-power laser selectively
melts powder particles based on a computer-aided design (CAD) model. This process
continues until the final component is built (Figure 1-1) [4-9]. The advantages of this

system include its ability to produce high-resolution features and internal features. The
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emergence of L-PBF as a novel processing method has opened a new window to fabricate
parts with unique microstructural and mechanical properties different from those produced
by conventional manufacturing methods. Although AM has several advantages over the
conventional manufacturing processes, the process conditions in this technology have an
important influence on the quality of the products, so the physics of the process is required

to be investigated precisely.

Several factors can affect the quality of the part fabricated by the L-PBF process. Based on
[10-12], the microstructure of the parts correlates with their mechanical properties.
Consequently, using a fixed set of process parameters may lead to components with non-
uniform microstructure and consequently varying mechanical properties. Therefore,
keeping the microstructure of the fabricated parts or manipulating it during the L-PBF

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

System
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A
Over Flow

System | I Container
Z

Fabrication
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Figure 1-1 Schematic of the L-PBF process.
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Although the microstructure control has been investigated in some types of additive
manufacturing, especially the direct energy deposition (DED) process [13], no attempts
have been made to control the microstructure of the part during the L-PBF process.
Microstructural properties depend on the solidification process. The solidification structure
has two main characteristics: (1) Solidification mode or morphology and (2) the size of
solidification structure. Solidification modes are divided into four groups: (1) planar, (2)
cellular, (3) columnar dendritic, and (4) equiaxed dendritic. The formation of each
solidification mode and the size of the solidification structure are determined by the thermal
dynamics of the process[14] (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 1-2. Formation of SLM 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 divided into four
different groups [15,16], namely the lack of fusion (LOF) [4,17-19], lack of penetration
(LOP), gas porosities [4,19], and keyhole porosities [4,20-22]. 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 (Figure 1-3(a)).
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 1-3(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 the molten material at a lower temperature [23—
25]. 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 L-PBF
process, leading to the formation of tiny spherical porosities (Figure 1-3(c)), called gas
porosities. The entrapment of shielding gas and vaporized elements of the alloy can also
produce gas porosity [20,26,27]. Figure 1-3(d) illustrates the schematic of the keyhole
mode and compares it with the mode that the energy density is not high (conduction mode).

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

There are some studies for predicting the lack of fusion porosities [15,28,29]. 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, and there was no attempt to avoid such defects.
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20 um

Figure 1-3 Types of porosities formed during the L-PBF processing of Inconel 625: (a)
LOF porosity, with UM/PM particles, (b) LOP, with irregular porosities free from
UM/PM nparticles, (c) gas porosity, and (d) keyhole porosity.

Forien et al. [30] showed that keyhole porosities could be predicted by signals received by
a pyrometer, representing the temperature of the melt pool. Additionally, according to [31],

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 inter-track overlap can be 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 consequently, a safe range of thermal signals can be
determined to produce defect-free parts. The porosity level can be mitigated by keeping

the temperature in the safe range using a control approach.

Surface roughness is another factor that should be considered in the quality 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 loading [32,33]. The surface quality of the L-PBF
fabricated parts can be categorized into two groups of side-surface and top surface quality.
The surface roughness corresponding to the side surface originates mainly from the “stair-
stepping effect”[4,34,35] and adhered powder particles. The former correlates to the layer
thickness and part orientation, and the latter finds its route in powder attribute [36] (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 inter-track

overlap and balling), spatters, and the overlapping curvature of laser scan tracks [37—40].

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

phenomenon (Figure 1-4(a)) [41-43].
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Lack of inter-track overlap is referred to a situation in which the amount of energy
delivered to the powder bed during the L-PBF process is not sufficient for the complete
melting of the powder particles. (Figure 1-4(b)) [44-46]. At extremely low absorbed
energy, the gap existing 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 are caused by the Marangoni convection combined with the recoil pressure, which
acts to eject the molten material from the melt pool to the surrounding [47,48]. Despite the
low recoil pressure, which facilitates the melt pool flattening during the L-PBF process,
the high recoil pressure caused by the extremely high absorbed energy leads to the material
evaporation, melt explosion, and creation of metallic jets [49,50]. When crushed by the
metallic vapor, the ejected material is broken into micro-sized molten droplets. The
dispersed droplets are called spatters [5S1-53]. Figure 1-4(c) shows the spatters on the final

layer, which can directly affect the surface roughness.

In cases where there is no gap between the adjacent 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 the level of inter-track overlap [40].
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Figure 1-4 Factors that impact the surface quality: (a) 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 of inter-track overlap and
overlapping curvature of scan tracks, are correlated to the width of the melt pool [40,44].
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 resulting in ball-shaped beads. Therefore, the melt pool
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dimensions play 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. For example, variations of scanning surface in building direction
result in different melt pool temperatures and consequently melt pool dimensions in
complex geometries [54]. In addition, the level of spatters also changes because of the
mentioned factors. For instance, Gunenthiram et al. [55] 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 value solves the defects

and consequently improves the surface quality of the part fabricated by the L-PBF process.

In order to control 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
systems in 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 in an off-axial or a co-axial direction. For instance, an infrared
camera has been used by Krauss et al. [56] (Figure 1-5) to investigate the limits for
detecting pores and other irregularities during the L-PBF process. The camera was mounted
outside the process chamber off-axially, and a germanium shielding glass was utilized to
protect the camera from optical damage during laser processing. Pavlov et al. [57] used a
two-color pyrometer in the configuration shown in Figure 1-6 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 1-5 IR camera at 50 Hz sampling rate, 50 mm camera objective, Germanium

shielding glass [56].
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Figure 1-6 Schematic of the optical system applied [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 utilized. For instance, Fox et al. [58] utilized a high-speed CMOS
camera in a co-axial arrangement to monitor the melt pool width and height during the L-

PBF process.

10
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Conventional methods for controlling the quality of the AM products are not automated
and generalized for different process parameters. Furthermore, Additive manufacturing
processes such as L-PBF and direct energy deposition (DED) are susceptible processes
with concentrated heat sources and very high cooling rates. Thus, they are capable of
producing very sensitive products with locally tailored microstructures. Besides, based on
the discussion in this section, there is a correlation between the geometry of the melt pool
and the 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 controlling the

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

1.2 Motivation

Recently, additive manufacturing has caught the attention of the world [59]. According to
IDTechEx, metal-based AM is the fastest-growing section in AM, and the upward
trajectory will continue through 2020 [60]. 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 aerospace, defence, medical,
and automotive. Well-known 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 L-PBF process as an additive manufacturing technology is
capable of processing a broad range of materials and has advantages over conventional
methods, the parts fabricated by this process can have many issues that degrade their

11
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quality, such as porosities or cracks, deformation resulting in dimensional errors, poor
surface finish, as well as non-uniform properties which are more difficult to detect such as
mechanical properties and microstructure characteristics. The part quality is mainly
affected by process parameters and stochastic chamber environment, which can change the
physics of the process. The process parameters are mostly kept constant in the literature,
and the optimum process parameters are determined by the trial-and-error approach, which
is time-consuming, costly, local, and machine/material-specific. In addition, as mentioned,
the alteration of the L-PBF process with fixed process parameters decreases the reliability

and repeatability of the process.

Today, in-process monitoring of the L-PBF process is a core of attraction to find the
relation between the melt pool signature and the issues that happen during the process. The
next big step for the L-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. Real-time control of the L-PBF process combined with an appropriate

monitoring system will make the L-PBF process more reliable and repeatable.

Additionally, manipulation of the properties of the parts in building direction, which results
in functionally graded parts required in different industries, will be achievable using the

real-time control approaches.

1.3 Research objectives

The core aim of the current research is to improve the quality and increase the consistency
of the Inconel 625 parts fabricated by the L-PBF process via control approaches. For this

purpose, the microstructure consistency, porosity formation, and surface roughness of the

12
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final parts were targeted in this thesis. The objective of this work could be refined into the

followings:

1))

2)

3)

4)

5)

6)

7)

Process modeling to find a correlation between laser power and features of the melt
pool. The developed model can be used both for a better understanding of the
process and for designing the model-based controllers.

Set up a monitoring system consisting of a pyrometer, a thermal camera, and a
high-speed camera to monitor the L-PBF 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 the process.

Design a control system for controlling the temperature of the melt pool and
consequently making the microstructure of the final part more uniform.
Determine an optimum range of temperature for printing parts with high density
instead of using the energy density criterion.

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

Investigate factors that can affect the top surface quality.

Design a feedforward plus feedback control system to control the width of the melt
pool and keep the level of spatters low, and consequently, improve the top surface

quality of the part manufactured by the L-PBF process.

1.4 Thesis outline

Overall, the main results of this thesis have been prepared into three journal papers, in

which two journal papers have already been published. One of the three journal papers is

still under review. The thesis comprises of the following chapters:

13
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Chapter 1 introduces 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 and repeatable.

Chapter 2 is the first published journal article. This chapter targets the
microstructure properties of the Inconel 625 parts fabricated by the L-PBF process. The
calibration of the pyrometer is discussed in this chapter. It also explains the variations of
the microstructure in building direction. Moreover, the chapter presents the effect of three
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 chapter describes 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 of detecting the safe zone of temperature for printing parts using the L-PBF process
is described in this chapter. The applicability of the energy density in predicting the
densification level and defect type of the L-PBF fabricated parts is called into question.
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 under-review research that deals with minimizing the top surface
roughness of the parts manufactured by the L-PBF process by deploying a Feedforward
plus Feedback control system. The factors affecting the top surface quality of the part, such
as Balling, lack of inter-track overlap, overlapping curvature of laser scan tracks, and
spatters, are described in this chapter. It also explains the in-process 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 the controller is
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, and presents 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 complex-shape, custom-designed, and cost-effective parts with
no need for expensive tools and dies. Despite the numerous advantages of this technology,
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 as-built state. This issue originates from the layer-by-layer melt pool
temperature variation caused by the layer-wise nature of this process when a fixed set of
process parameters are applied. Accordingly, a layer-wise melt pool temperature control
system is beneficial in manipulating the process parameters and therefore adjusting the
melt pool temperature. In this study, three different controllers, namely, simple
proportional (P), adaptive P, and quasi sliding mode, were designed to control the melt
pool temperature in the building direction for Inconel 625 superalloy. An analytical-
experimental model was introduced to evaluate the performance of controllers through
simulation. A monitoring system having a two-color pyrometer was used to online monitor
the temperature for use by the controllers as a feedback signal. The 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 led to improved 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 microstructures.
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2.1 Introduction

Laser powder bed fusion (L-PBF) is a promising additive manufacturing (AM) technique,
which has drawn a great deal of attention in recent years for fabricating complex shapes
with intricate features in a layer-by-layer manner (Figure 2-1) directly from a Computer-
Aided Design (CAD) model without the necessity of designing complicated build tools [1-
5]. The emergence of L-PBF as a novel processing method has opened a new window to
fabricate parts with unique microstructural and mechanical properties different from those
produced by conventional manufacturing methods. In general, several experiments or time-
consuming simulations are needed to determine the optimal process parameters alleviating
the formation of defects [6]. Nevertheless, since the average temperature of the build
increases gradually during the L-PBF process due to the heat accumulation phenomenon
[7], a fixed set of process parameters (i.e., laser power, scanning speed, hatch spacing, and
powder layer thickness) may lead to components with non-uniform microstructure and

consequently varying mechanical properties.

Galvo
system

Re-coating system

# Two-color
pyrometer

Powder waste

Figure 2-1 Schematic illustration of a laser powder bed fusion (L-PBF) system.
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To address the abovementioned issue in a reasonable time, a dynamically adjustable system
is essential to manipulate the process parameters to end up with a nearly constant
temperature along the build. In other words, microstructure characteristics 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
desired attributes (e.g., uniform microstructure and functionally graded materials) in a cost-
effective approach. Moreover, because the mechanical properties of the final parts are
governed by the microstructural features, melt pool temperature control not only reduces
the microstructural discrepancy but also results in consistent mechanical properties (e.g.,
microhardness) throughout the part [8,9].

A few attempts have been made recently to control the L-PBF process. A study in NIST
(National Institute of Standards and Technology) discussed the control requirements and
its essential equipment, such as monitoring systems, laser systems, and computational
resources [10]. They also explained the concept of a control system suitable for the L-PBF
process. In another study, a coaxial monitoring system consisting of a photodiode and a
complementary metal oxide semiconductor (CMOS) camera was employed to control the
melt pool area [11]. By applying a first-order transient behavior for the transfer function
between the melt pool area and laser power, the fabrication of overhang structures was
improved when a proportional-integral-derivative (PID) controller was utilized. According
to a latter work conducted by the same authors [12], a photodiode was used to transmit
melt pool area information, and a proportional-integral (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 drawback of using

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. Besides, by considering the
proportional relation between the photodiodes signals and the melt pool area [11], the
output voltage from the photodiodes are quite small in comparison to the real values of the
melt pool area. Therefore, a small error in the results leads to a considerable error in the
melt pool area measurements, making the melt pool unstable. The EU founded project
MEGaFiT established a study on controlling the AM process by means of a thermal
camera, a color sensor, and a topography sensor. After 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 pyrometer [14]. However, output values were
reported in voltage, the same as [11], and the controller had a fixed gain. Besides, a
comparison among a P controller, a model-based feedforward controller, and the
combination of these two controllers was implemented to evaluate the improvement in the
quality of the bridge structure [15]. In all the studies mentioned above, the quality of the
parts was examined in a macro-scale, while micro-scale 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 an adaptive P controller and a quasi sliding
mode controller (Q-SMC) to control the melt pool temperature of Inconel 625 superalloy
in the L-PBF process by manipulating the laser power. The conventional simple P
controller was also implemented as a reference to evaluate the performance of the newly
proposed control systems in terms of the rise time and robustness against disturbances. For
this purpose, a model that simulates the L-PBF process is first suggested and validated by
experimental measurements using a two-color pyrometer calibrated in advance. Then, the

responses of the proposed controllers are simulated. Finally, the controllers are
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experimentally implemented in the L-PBF machine. Using the proposed controllers and
setting two different reference temperatures, the influence of the controller type and the
temperature 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 application 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 method is extremely time-consuming, while

a fast response is required for a control system.

An analytical model has been proposed by Ning et al. [16] using a moving point heat source
solution, which was originally propounded by Carslaw and Jaeger [17] to find the
temperature distribution profile inside and around the melt 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:

_ Py Vy [ VZR? @-1)
0(x,y,z,t) = Fkn%exp (E) fiexp [—52 - (16K252>] d¢

where P,n,V, k, t,and k denote the laser power, laser absorption coefficient, laser scanning

velocity, thermal conductivity coefficient, current time, and thermal diffusivity,
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respectively. € is an integral variable. The terms "68" and "R" in Eq. (2-1) are temperature
change and distance, respectively defined as:

0=T-T, (2-2)
R>=x2+y%+ 22 (2-3)

in which Ty and T signify the initial temperature and the current temperature of the desired
location and time, respectively. x,y, and z specify each point uniquely in the Cartesian
coordinate system. Given the fact that the temperature of a certain location on each layer

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

control process (1}), t can be substituted by Vi In addition, since the temperature of a single
e

point in each layer is measured by the pyrometer, it is not essential to have the temperature

distribution profile (y = 0 and z = z,). Therefore, Eq. (2-1) can be rewritten as presented

in Eq. (2-4).
x Pn Vox\ [ V,2R? (2-4)
0 (x, 0, ZS,Z) =——736exp (_ZK)f o EXD [—52 — <_16K_252 dé
2Rkm?2 —2 =
X
N7

In Eq. (2-4), z, is the height of the measuring point. According to the model in Eq. (2-1),
the temperature of the molten material for Inconel 625 was reported to be 4000 °C, which
is unrealistic because evaporation would happen at this high temperature. In addition, the
model suffers from a singularity problem. In this study, the model is constructed based on
Eq. (2-4), while experimental data are also used to correct the abovementioned issues. By

defining a variable B, = f (P, V) to solve this, the final equation will be as follows:
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The thermophysical material properties of the Inconel 625 are listed in Table 2-1. The
function f has been obtained by implementing several experiments, including 12 random
laser powers from 150 W to 400 W and 10 random scanning speeds from 200 mm/s to
600 mm/s (120 experiments) with fixed hatch spacing and layer thickness. By polynomial

fifth-order approximation, the following equation can be drawn:
5 5
Bczz zpnmpnvm
n=0m=0

where p represents the coefficient of the polynomial function while n and m are integers

(2-6)

from 0O to 5.

The modeling results are depicted in Figure 2-2. For validating the results, a pyrometer has
been employed to measure the melt pool temperature (Figure 2-1). Based on Figure 2-2, it
is self-evident 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 trend by increasing 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 evaporation is increased as well. Therefore, the melt pool
resists against a huge change in temperature. The response of the control systems using this

model is discussed in section 2.2.2.4.
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2.2.2 Controller design

The models of the AM processes have a number of time-varying parameters and

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

Additionally, there is a dynamic environment inside the chamber that can alter the process

and measurements. For instance, vapor and dust change the ratio of radiation energy, which

is the basis of the temperature measurement. According to [18-20], PID controllers with

fixed gains are sensitive to the abovementioned processes and adaptive gains, and nonlinear

controllers provide better results in such conditions.

Table 2-1 Material properties of Inconel 625 used for the simulation [16].

Laser Absorption 17 (%) | Thermal Conductivity k (W /m — Thermal Diffusivity k
°C) (mm?/s)
40 9.8 2.71
a b
1470 @) . 1500 (‘) :
G Model O Model
1460 [ + Experiment|$ 1490 | + Experiment| |
1450 | 1480 - $
&

1440 —
5 % © 1470 o
£ 1430 o g *
© * ® 1460 &
S 1420 g
5 B § 1as0}
Fat0} - =

1400 | 0 1440 |

1390 ¢ 1430 | ¢

1380 : : - 1420 - : :

200 250 300 350 400 200 250 300 350 400
Power (W) Scanning speed (mm/s)

Figure 2-2 (a) Variations of the melt pool temperature as a function of the laser power in

the fixed scanning speed of 350 mm/s, and (b) effect of the scanning speed on the melt

pool temperature under the fixed laser power of 400 W
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In this study, a feedback control system using signals achieved by the pyrometer was
implemented. Three different types of controllers, including conventional P, adaptive P,

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

2.2.2.1 P controller
According to Figure 2-3, the error in the loop can be obtained by subtracting the reference

temperature from the signal captured by the pyrometer as:

e=T,—Ts 2-7)

where T, is the reference temperature, and T is the temperature sensed by the pyrometer.
The P-controller with the proportional gain k,, calculates the laser power output, u;, at the

layer i as:

U = U1y tkp.e (2-8)

Based on Eq. (2-8), the controller output is obtained by adding the proportional section to
the previous laser power. The controller output was limited between 170 W and 400 W
since the laser system of the machine cannot work over 400 W, and the system

identification has been applied in this range.

2.2.2.2 Adaptive P controller

By considering the first layer and Eq. (2-5) in the modeling section, the temperature of the
scanned point captured by the pyrometer has a direct relation with the initial laser power
u1(0) and the initial temperature of the powder layer T, (1), which is considered to be equal

to the environment temperature.
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Figure 2-3 Block diagram of the employed P controller.
PnB, Ve o0 V.2R? 2-
Ty (e v, 0,6) = 2 exp ("22) [“n_exp[-62 = (1eg)| dg +To () )

2km2 2/t

=T; = u(0),To(1)

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 heat transfer mechanisms have a direct relationship with the measured
temperature of the first layer (T;), so that the initial temperature for the second layer is
related to the captured temperature of the first layer. Therefore, the temperature of the

second layer is affected by u(1) and T; as follows:

T, (x1,¥1,0,8,) = S exp (%) f% €xp [_fz - ( G )] d§ +To(2) (2-10)

k2 16K2&2
=T, > u(1),To(2) oru(1), Ty

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

T(k) = a(k)T(k — 1) + b(k)u(k — 1) @2-11)
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Eq. (2-11) 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. (2-7), (2-8), and

(2-11), the error can be derived as Eq. (2-12).
T(i—1)=a(—1)TGE—2)+b(i—Du(i—2) (2-12a)
e(i—1)=T(i—1)—TG—-1) (2-12b)
=Tp(i— 1) — [a(i — DT( —2) + b(i — Du(i —2) ]

u(i—1) =u(i —2) + kp[T,(i— 1) — [a(i = DT — 2) + b(i — Dui —2) ]] (2-12c¢)
e()) =T.(i)) —T({) = T,()) — [a(@u@@ — 1) + b@u(i—1)] = (2-12d)

T,(0) = [b@) [l = 2) + k[T = 1) = [ali = DT = 2) + b(i — Duli - 2)]]]

+a()T (@i - 1)]

In order to have e(i) = 0, the proportional gain will be:

T.(i — 1) — a()T({ — 1) — b(Du(i — 2) (2-13)

p = b(DIT, (i —1) —a(i — DTG — 2) — b(i — Du(i — 2)]

Using recursive least square (RLS) estimation, the terms a and b can be determined [21].

The model presented in Eq. (2-11) can be rewritten as:

y(k) = 0" (k)8 (k) (2-14a)
G(k) = [-T(k—1) ulk—1)]" (2-14b)
00) = [a@), ()] (2-14c)

where @ (k) is data vector, and 8 is the parameter vector. The cost function is:
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k
~ 1 ~
J@.K) =3 ) Ay - 0" O]
i=1

The recursive solution for minimizing the cost function is:

0(k)=0(k—-1)+
L(k) (y (k) — 07 (k)O(k — 1))

P(k—1)0(k)

L0 = T o 0Pk = Do)

Pk—1
P@):(l—L@QW(@)—QI—l

(2-15)

(2-16a)

(2-16b)

(2-16¢)

in which 4 is the exponential forgetting factor, L represents the gain vector, and P is the

error covariance matrix. 4 = 0.99, since the process has disturbance and slow changes.

Figure 2-4 shows the block diagram of the adaptive P controller.

Adaptive
Coefficient

Reference
Temperature

A

Pyrometer

» Real Temperature

Figure 2-4 The block diagram of the adaptive P controller. The coefficient of the

controller is updated after printing each layer.
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2.2.2.3  Quasi sliding mode controller
For the Q-SMC, the discrete controller presented in [22] is used to control the temperature,
the only difference being that not only the coefficient corresponding to the states but also

other parameters are considered to be time-variant in the model. The sliding surface is:
S(k) = ¢(T (k) — T, (k)) (17

where C = 1 based on the model presented in Eq. (2-11). The sliding dynamics is defined

as S(k) = 0 which is asymptotically stable. In this case, the controller output will be:
ulk) =utk—1) + (18)
[Cb( Ty — DS(k) = Cla(l)T (k) — alk — DTk — D]

in which u(k) is the laser power calculated for the layer (k + 1), and y is an arbitrary
number such that S(k + 1) = yS(k) is asymptotically stable (|y| < 1). The schematic of

the Q-SMC controller is presented in Figure 2-5.

Disturbance

Process
Parameters
l +
Reference

t ,”i"\ e T + ,Z N o
Temperature 2 ) SMC controller —h\;ﬂ,‘—b SLM Process L2 Real Temperature

Pyrometer [«

Figure 2-5 Quasi sliding mode control block 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):

N (2-19)
J =) (T,() - T())*
2

An identical noise that simulates the noise and errors of the sensor was applied to all
systems with different controllers. Figure 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 Eq. (2-5), is shown in Figure 2-6(b). All
the controllers were successful in keeping the temperature around the desired value. The

following points can be extracted from Figure 2-6:

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

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

3. Compared to the others, the Q-SMC controller is more robust against the applied

noise.

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

P controller Adaptive P controller Q-SMC controller
J in Scenario 1 5632.9 4715.5 31379
J in Scenario 2 13448 8138.2 16175
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Figure 2-6 (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 while the quasi sliding

mode controller was more robust against noises and errors.

The reason for the slow response of the Q-SMC controller can be explained by the gain
setting used in the control law in [22], which was too small. A faster response would be
possible with another gain setting (Figure 2-7). However, the slow response of this
controller will be helpful to understand the change in the microstructure during the

transition time of the controller.

Figure 2-8 shows the input laser power for each layer using different controllers. It
emphasizes that the adaptive P controller increases the laser power drastically 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 designed. Figure 2-9 shows the results of three controllers in the second

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

1. The Q-SMC used in this study is too slow to reach the second desired temperature.
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2. The adaptive P controller performed better than other controllers in this case (Table

2-2).

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

others (Figure 2-9 and 2-10)

1520 1

1500

1480

1460

1440

True Temperature (c)

1420 |

Reference Temperature
Adaptive P controller
----- SMC controller

P controller

L L L L L L

1400
10 20 30

40 50 60 70 80 90 100
Layer number

Figure 2-7 The true temperature calculated by the model based on the controllers'

command with modified gain setting in the Q-SMC controller.
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Figure 2-8 The laser power in each layer for different controllers when a fixed desired

temperature is set (first scenario).
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Figure 2-9 The true temperature when two different reference temperatures were set

(second scenario). The Q-SMC is noticeably slow to switch between two desired
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Figure 2-10 The laser power when two different reference temperatures were set (second

scenario).

In summary, the adaptive P controller performed better than two others in the simulation

study, although, in some layers, it had a higher error. In section 2.4, these controllers are

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

The L-PBF machine deployed in this study was OmniSint-160 having a 400 W Yb-fiber
laser with a spot size of 100 um. The printing process was performed under the protection
of a high-purity argon gas atmosphere. Laser power, which is a critical process parameter
in the AM process, can be changed between layers in this machine, enabling the control of

the process.

The material used in the study was Inconel 625 in the form of powder with the chemical

composition provided in Table 2-3.

The monitoring system consists of a two-color pyrometer, capable of measuring the highest
temperature in its spot area. The detectable temperature range of this pyrometer lies
between 1000 °C to 3200 °C, with a sample rate of 1 kHz. The spot size of the pyrometer
is 800 wm. Before using a contactless temperature measurement system such as a
pyrometer, it is essential to know some properties of the material under investigation,
specifically, the emissivity of the material. In the case of a two-color pyrometer, 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 thermocouple or other 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 with an argon gas atmosphere was
used to heat the sample. It is a very suitable environment, resembling that of the L-PBF

machine in which the sensor is used. The setup is shown in Figure 2-11. A B-type
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thermocouple was used as a probe sensor to measure the actual temperature. The Inconel

625 powder was melted in a crucible and was spotted with the pyrometer (Figure 2-12).

Table 2-3 The nominal chemical 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 | 0.1 1.0 1230 05 |50]100]| 0.5 4.15 Bal | 0.015 | 0.015| 05 | 04
(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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Figure 2-11 A general view of the setup used to calibrate the pyrometer.




Ph.D. Thesis — Hossein Rezaeifar McMaster University - Mechanical Engineering

Figure 2-12 (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 Figure 2-13. The noise at the beginning of
the thermocouple curve is due to the Eddy currents induced by the induction coil on the

thin thermocouple leads.

As soon as the current is reduced to zero, the signal becomes noise-free. In Figure 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 1.5 mm X35 mm X8 mm, printed on a small disk (Figure 2-14). The
scanning speed, hatch spacing, and layer thickness were 200 ™"/ 80 um, and 40 um,
respectively, throughout the experiment. Also, the initial laser power was 200 W, which
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 the spot area of the
pyrometer. The scanning pattern and the shielding gas flow direction are shown in Figure
2-15. The argon gas was being fed from the top of the process chamber toward the build

plate during the L-PBF process. A sequential scanning pattern with no rotation between
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the subsequent layers was utilized for all of the samples. It should be mentioned that control

systems were performed using LabVIEW on the Omnisit-160 L-PBF machine.

2000 T T T T T :
Thermocouple measurements
1800 --=-== Pyrometer measurements i
Sensor noise from
1600 High frequency induction i
&)
o 1400 i
5 .
g 1200 - Furnace is turned off 4
a
=
2 1000 f -
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.

(a) (b)

Figure 2-14 The: (a) side view, and (b) top view of the thin wall printed on the disk.
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(a) (b)

Figure 2-15 (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 note that no geometrical defects (in macro-scale) 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 defect-free Inconel 625 parts.

The fabricated thin walls were sectioned along the building direction, and microstructural
investigations were performed on the cross-sections. The standard metallographic
technique was used to prepare samples. For microstructural examinations, mixed acid
etchant with the following composition was used: HCI-75 ml and HNOs-25 ml. Detailed
imaging of the microstructure was conducted by a TESCAN VEGA scanning electron
microscopy (SEM) working at 20 kV accelerating voltage. The image-J Software was
utilized to calculate the intercellular spacing known as the primary dendrite arm spacing

(PDAS) based on the SEM images.
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The microhardness test was conducted on different locations of the cross-section with an

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

2.4 Results and Discussions

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 200 W and reference temperatures of 1490 °C (1%
set) and 1450 °C (2" set). The reference temperatures were chosen based on the range of
the melt pool temperatures in the nearly defect-free zone acquired by pre-experiment.
140°C (first set of the experiment) and 100°C (second set of the experiment) degree of
overheating with respect to the liquidus temperature did not result in any macro-scale

defects such as warpage and delamination (Figure 2-14).

As mentioned, the temperature was measured in each layer at a fixed location. Figure 2-16
represents the temperature measurements using three controllers for the 1% set. Besides, the
laser power in each layer, which was decided by the controllers for the first set, is shown
in Figure 2-17. The adaptive P controller, Q-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 specific temperature 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 mentioned in section 2.2.2.4, the Q-SMC is more

robust against external disturbances.

50



Ph.D. Thesis — Hossein Rezaeifar McMaster University - Mechanical Engineering

T T T T T
Reference Temperature [
P Controller
Adaptive P Controller |

1550 -

1530 -

—-—=-SMC Controller

-
($)]
=
(=}

-
B
©
o

-
B
15
=}

Sensed Temperature (C)
=
3

1430

1410 |-

1390 | L L | L | L | L
20 40 60 80 100 120 140 160 180 200
Layer Number

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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Figure 2-17 The laser power versus the layer number for different controllers (1st set).

In contrast, the adaptive P controller behaves more aggressively compared to other
controllers. Referring to Table 2-4, it is reasonable to conclude that the adaptive P
controller works more efficiently when the application requires fast response, owing to the
fact that the 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 abovementioned
terms are investigated after a specific layer number above which all controllers have
reached the desired temperature (e.g., layer 40), the Q-SMC has the lowest standard
deviation. Thus, if the initial layers are of lower importance (parts with support structures),
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 the 2™ set of experiments, in which
the difference between the initial temperature and the desired temperature is smaller than
the 1* set. In this set, the temperature with all controllers reached the desired temperature
significantly sooner, and their rise times were closer compared to the 1% set. After 8, 10, 15
layers, the desired temperature was achieved by the adaptive P controller, simple P
controller, and the Q-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

Table 2-4 The evaluation of the controller performance in the 1st set of experiments.

Controller Mean Standard deviation Mean Standard deviation
temperature (Layer 1 to 200) 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 experiments [14]. Table 2-5 shows the mean temperature and the standard
deviation of the data for the 2™ set of experiments and confirms the points discussed based

on Table 2-4.

2.4.2 Microstructure results

To investigate the effect of the temperature control on the microstructure of the final
products, a thin wall was also fabricated with a fixed laser power of 250 W as 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 top), as shown 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 the L-PBF
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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Table 2-5 The evaluation of the controller performance in the 2nd set of experiments.

Controller Mean Standard deviation Mean Standard deviation
temperature (Layer 1 to 200) 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
\ I
\‘. 'l

Figure 2-19 The cutting location of the final parts along with the regions in which the

microstructural characterization was performed.
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WY,

Figure 2-20 SEM micrograph showing the primary dendrite arm spacing (PDAS).

the images, the PDASs of different sections were measured. The Image-J Software was
utilized to measure the PDAS of controlled and uncontrolled parts. The field of view for
the measurement of the PDAS was 30 um X 30 wm.The reported values for each case are

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

Figure 2-21 represents the measurements of the PDAS in different cases of the 1* set of
experiments in different 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 2-22 shows the variation in the temperature during the building for the
uncontrolled case. The large variations of the PDAS can be traced back to the change in
temperature as opposed to the controlled scenario. For instance, LI of the PDASs
throughout the part was calculated to be 0.557 um and 0.165 um in uncontrolled and
adaptive P controller 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
second point that can be inferred from Figure 2-21 is 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 part fabricated by the adaptive
P controller is shorter than those of the Q-SMC 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, meaning that the process has reached a near-
uniform state prior to the middle region. Moreover, the mean value of the PDAS in the
uncontrolled case with fixed laser power of 250 W was lower compared to the controlled
scenarios in the middle and top regions (Figure 2-21). According to Figure 2-17, the laser
powers during the controlled processes were higher than 300 W in those regions. Given
the fact that the higher laser power in controlled cases results in larger melt pools and,
consequently, lower cooling rates, the lower mean values of the PDAS in the uncontrolled

case is justifiable [24].
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Figure 2-21 PDAS variations in different regions while using fixed laser power and

controllers for the desired temperature of 1490 °C (1st set).
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Figure 2-22 The temperature sensed by the pyrometer for the fixed laser power of 250 W.
The temperature sensed by the pyrometer for the fixed laser power of 250 W. The sensed

temperature was increased during the build.

The PDAS measurements of the 2™ set of experiments are illustrated in Figure 2-23. The

same discussion parallel to that of the 1% set of experiments is valid for this case, which is
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confirmed by the SEM micrographs provided in Figure 2-24. According to Figure 2-24, a
more uniform microstructure is achieved when the adaptive P controller is implemented. It
is worth noting that the mean values of the PDAS in the 2™ set of experiments are lower
than the 1* set. For example, the mean value of PDAS with the adaptive controller is 1.051
um at the top of the part when the desired temperature is 1490 °C while it is 0.8225 um in
the 2™ 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 power in 2™ set.
The high magnification micrographs of the parts (in the middle region) fabricated under
adaptive P controllers at desired temperatures of 1450 °C and 1490 °C are shown in Figure
2-25, confirming the above discussion. In addition, the LI of the Q-SMC controller
changed from 0.391 um in the 1% set to 0.286 um in the 2™ set since the desired melt pool

temperature was achieved sooner in the latter case.
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Figure 2-23 PDAS variations in different sections while using fixed laser power and

controllers for the desired temperature of 1450 °C.
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2.4.3 Microhardness results

To study the mechanical properties of the printed parts under controlled and uncontrolled
conditions, the microhardness was measured in the building direction, starting from the
height of 3 mm. The microhardness measurement results are summarized in Table 2-6.

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 increase 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 the PDAS and, therefore, more uniform microstructures achieved by employing

the controllers (Figure 2-21 and Figure 2-23).
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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). The sample measurements 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) 1450 °C (2nd set) and (b) 1490 °C (1st set).
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Table 2-6 The microhardness features of the samples.

Feature Fixed Adaptive | Adaptive | Simple P | Simple P Q-SMC Q-SMC
laser P (1490 P (1450 (1490 °C) | (1450°C) | (1490 °C)
(1450 °C)
power °C) °C)
Min 276 320 308 314 300 314 298
microhardness
(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 3332 315
(HV)

2.5 Conclusions

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

of experiments on the L-PBF 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 the microstructure 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 summary, the 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 smaller initial 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 arm spacing
(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 parameters, especially in
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 is close to those of the middle and top regions.

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

properties.
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Abstract

This study deals with quality control of the laser powder bed fusion (L-PBF) process using
a temperature measurement approach rather than the commonly used energy density
criterion. Temperature domains corresponding to the most common porosities, namely;
lack of fusion (LOF), lack of penetration (LOP), 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 defect-free and from defect-free to keyhole zones, respectively. A
proportional-integral-derivative (PID) controller was used to maintain the melt pool
temperature within the safe zone during the L-PBF 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 time in the order of the printing time for a few layers
was required to reach the steady-state condition at which defect-free parts could be
obtained. The knowledge gained from this study can pave the way for the development of
new temperature-based criteria considering all process variables contributing a role in the

L-PBF process.

Keywords
Laser powder bed fusion, Additive manufacturing, Control of melt pool temperature,

Porosity, Quality inspection.
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Abbreviations
AM Additive Manufacturing
CAD Computer-Aided 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 Proportional-Integral-Derivative
PM Partially-Melted
UM Un-Melted
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3.1 Introduction

Laser powder bed fusion (L-PBF) refers to an additive manufacturing (AM) process in
which a high-intensity laser source melts powders in a layer-by-layer manner to fabricate
parts based on a computer-aided design (CAD) model without almost any geometrical
limitations [1-6]. The development of the L-PBF process has provided an outstanding
opportunity to manufacture unique parts which are practically impossible to be produced
by conventional manufacturing methods. The L-PBF 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 the L-PBF 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 region, un-melted/partially-melted
(UM/PM) particles can be observed in the final product (Figure 3-1(a)). The
defects formed due to UM/PM particles are referred to as the LOF porosities. The
LOF porosities are characterized by their irregular shape and large size [7-10].

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 the molten material at a lower temperature [11-13]. As shown in
Figure 3-1(b), despite the porosities caused by LOF, the LOP porosities are free
from UM/PM powder particles. In addition, according to the literature [14], the
consolidation process of powder bed 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 mechanism of LOP 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 L-PBF process, leading to the formation of tiny spherical porosities
(Figure 3-1(c)), called gas porositiecs. The entrapment of shielding gas and
vaporized elements of the alloy can also produce gas porosity [15-17].

4. Keyhole porosity: Another source for the formation of spherical/semi-spherical
porosities in AM of metallic materials is the keyhole effect, taking place at high
energy densities. Under this condition, the evaporation of the 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, results in the generation of gas bubbles
in the melt pool, which may lead to the coarse spherical porosities in the final part

if captured by the solidification interface (Figure 3-1(d) [15, 17, 18]).

Du Plessis et al. [19] and Liu et al. [20] showed that among the 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 post-processing methods such as hot isostatic pressing (HIP), especially

if they occur near the surfaces of the part [21].
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Figure 3-1 Types of porosities formed during the L-PBF 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 been implemented during the past decade to find the correlation
between energy density and different porosities [22—24]. For example, Peng and Chen [24]
introduced a model to find the correlation between the energy density and the porosity level
in a low energy density regime. However, the model is applicable only within a limited
range of process conditions. Although the energy density (E,) equation (Eq. (1) [25])
considers the effect of some of the process parameters such as laser power (P), scanning
speed (v), hatch spacing (h), and layer thickness (t), 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 formation [26—29]. For instance, Sow

et al. [28] showed that the beam diameter alters the melting mode, while other process
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parameters remained constant. Since the consideration of all relevant variables in a single
equation is not practical, another approach in which all the process variables are involved
needs to be applied to explore the defect formation mechanisms. Accordingly, an on-line

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

P 3-1)

VT uxhxt

Bartlett et al. [30] mounted a long-wave infrared camera (LWIR) off-axially to detect the
LOF and keyhole porosities directly. They utilized a thermal image in each layer to provide
a suitable temperature distribution map of the corresponding layer to recognize the LOF.
The results, which were compared with SEM images, showed that although the method can
detect the LOF with an accuracy of 85%, it is not adequate for detecting keyhole porosity.
The requirements of such monitoring approaches are high-resolution and high-speed
sensors, which are rather costly. Coeck et al. [31] used a monitoring system consisting of
two photodiodes to investigate the LOF porosities. They reported that the system is capable
of detecting porosities having a diameter of 160 um or higher with 90% accuracy.
However, it should be noted that the keyhole porosities can also cause critical issues,
especially at the edges of the L-PBF fabricated parts, which was not considered in this
study. Forien et 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 indicated that from a specific threshold, the probability of keyhole porosity
formation would increase by increasing the temperature signal values. In all studies
mentioned above, the target was detecting a specific type of porosity, and there was no

attempt to avoid 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, according to [33], the 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 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 consequently, a safe range of thermal signals can be determined to produce defect-free
parts. The porosity level can be mitigated by keeping the temperature in the safe range. As
discussed in [34], control approaches are feasible to keep the temperature of the melt pool

close to a specific temperature.

This research study proposes a proportional-integral-derivative (PID) controller to keep the
melt pool temperature of Inconel 625 superalloy during the L-PBF 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 the controller. 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 two consecutive 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 system not only
improves the quality of the part at different initial conditions and scanning speeds but also

makes the fabrication of defect-free parts more time-and-cost effective.
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3.2 Materials and Methods

3.2.1 Fabrication procedure

The L-PBF machine employed in this study is an OmniSint-160 with a 400 W Yb-fiber
laser having wavelength of 1090 nm, and a spot size of 100 um. This machine has the
capability of on-line laser power manipulation between two consecutive layers. The
process chamber was filled with high-purity Ar gas to protect the melting area. The stripe
rotation strategy (67 degrees) was utilized as a scanning pattern to prevent excessive heat
accumulation [35], and to produce successive layers overlapping each other [15] (Figure
3-2). The hatch spacing and nominal powder layer thickness (platform displacement) in all
parts were 100 and 30 um, respectively. It should be mentioned that experiments were
implemented on a small AISI 304 stainless steel disk with a diameter of 50.8 mm that can
be located on top of the original build plate (Figure 3-3). The material used in the study
was gas atomized Inconel 625 powder, supplied by Carpenter Additive Inc, with a particle

size in the range of 15-45 um, and the nominal chemical composition listed in Table 3-1.

Previously
deposited layers

z

l jv Layer n-1
X

Figure 3-2 Schematic view of the stripe rotation strategy (67 degrees) used in this study.
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Original build plate

Figure 3-3 The modified build plate in which a small disk is located inside the original

build plate. The samples were printed on the small disk.

Table 3-1 The nominal chemical 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 | 0.1 1.0 | 23.0| 0.5 |50 10.0| 0.5 4.15 Bal | 0.015 | 0.015| 05 | 04
(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 3-4(a) shows the infrared thermal measurement system mounted on the process
chamber of the L-PBF machine. An infrared thermal camera (Optris PI 08M) operating at
1 kHz acquisition frequency and a collection wavelength of 800 nm was used to capture
thermal signals. The camera was mounted off-axially on the process chamber with a
viewing angle of approximately 60° to the powder bed (Figure 3-4(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 80 pum. A sapphire window
transmitting wavelengths in a range of 600-1050 nm was placed in front of the camera to
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 changes in the output of the
thermal sensor that correlate with different process windows [32] and (ii) only constant
emissivity can be used on the camera, and this assumption produces huge errors since
emissivity depends on the viewing angle, wavelength, and temperature which aggravates
the temperature measurement [36, 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 camera during the
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

spatters. All measurements were accomplished through a LabView virtual instrument.
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(b)

Process chambe

Figure 3-4. Monitoring system: (a) the thermal camera mounted with a viewing angle of
approximately 60° to the powder bed, and (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 porosities, LOF, LOP, and keyhole deteriorate the
quality of the part drastically [19, 20, 38]. The LOF porosity occurs when the melt pool
area is not large enough to bond adjacent tracks [7—10]; thus, the size of the melt pool plays
a critical role in this type of porosity. Mercelis et al. [33] showed that the intensity of the
melt pool radiation has a proportional relationship with the melt pool area; thus, the LOF

porosity is correlated to the temperature of the melt pool.

The LOP porosity occurs when the viscosity of the molten material is not low enough to
make it flow within the gaps quickly [11-13]. The reason behind the high viscosity is the
low temperature of the melt pool [39, 40], meaning that the LOP porosity is also related to

the temperature of the melt pool.

Finally, deep melt pools are created at extremely high temperatures due to a significant
amount of energy transferred from the laser beam to the powder particles. Also, some parts

of the material evaporate and trap inside the deep melt pool, forming keyhole porosity [17,
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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 Identification

Based on section 3.2.3, LOF, LOP, and keyhole porosities can be correlated to the
temperature of the melt pool. Therefore, a safe zone can be defined in which highly dense
parts can be obtained by detecting the temperature signals corresponding to each defect. In
this study, various process parameters were utilized to print defect-free parts as well as
parts with different defect types. Temperature measurements corresponding to each part
were also performed during the printing process. Based on the results, deviations from the
defect-free condition were identified as abnormalities. From a specific laser power, keyhole
porosity appeared in the printed samples. The acquired signals in these samples were
considered as signals by which the formation of this type of porosity is probable. Since
keyhole porosities can be formed at higher temperatures, these signals were considered as
upper band signals, the minimum of which was named the upper limit of the safe zone. In
other words, defective samples having keyhole porosities can be obtained if the measured
temperature exceeds the upper limit of the safe zone (upper band signal). Besides, the
signals corresponding to parts with the LOP porosity were considered lower band signals,
and the maximum of the measurements was called the lower limit of 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 probable. It is worth mentioning
that the LOF porosity would form at a lower temperature than that of the LOP porosity, so
the measurements related to this type of porosity are located at the lower band. Therefore,
the temperature signals corresponding to the LOF porosity do not affect the safe zone.

Figure 3-5 schematically illustrates these bands and the safe zone. According to the
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temperature dependency of the defects, the porosity level is mitigated by keeping the

signals inside the safe zone.

3.2.5 Control strategy

Corrective action is necessary when the measured temperature exceeds the upper limit or
drops below the lower limit to keep the temperature inside the safe zone. For this purpose,
an automatic approach should be deployed since the manual modification of the process
parameters needs a user to check the monitoring results during the process. The block
diagram of the control system is presented in Figure 3-6. The reference temperature was
set to be at the center of the safe zone. The laser power was manipulated between two
consecutive layers while the measurements were taken for the whole layer (an array of
signals (T) was captured by the thermal camera during each layer). Therefore, these signals

were required to be analyzed before the computation 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 illustration of the upper band, lower band, and safe zone.
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‘ Reference I I+t~ e PID U T Melt pool
Temperature Controller LPBF Process temperature

Thermal
camera

Figure 3-6 Block diagram of the PID control system.

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

Tmax Tmax > upper limit, (3-2)
Tr =1Tmin ~ Trin < lower limit,
Ty otherwise.

where T¢, Ty, Trpax, and Tpy;p, are the feedback signal, reference temperature, maximum
signal in measurements, and minimum signal in measurements, respectively. According to
Eq. (3-2), using the Feedback Element block, the signals within the safe zone were
considered as suitable signals, and the controller was switched off in this condition. On the

other hand, the maximum error was calculated when the signals were out of the safe zone.

Because the criterion of the defective part is the difference between the temperature signals
of the molten material and the thresholds of the safe zone, a PID controller was used to
compute the needed adjustment in laser power to maintain the temperature inside the
defect-free region. The PID control law continuously updated the laser power, based on the
proportional, integral, and derivative of the error term e, estimated from the on-line
measurement. e is defined as the difference between the desired and the actual
measurements. Then, the updated laser power was fed into the L-PBF machine for printing

the next layer. In this study, the P, I, and D gains were obtained using the trial and error
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approach during some pre-experiments. The P, I and D gains in the designed controller
were 0.015, 0.005, and 0.02, respectively. Figure 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 whether or not 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 changes the 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 architecture 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 parts. The samples
were mounted in phenolic thermosetting resin and then ground with sequentially finer SiC
grinding papers. The polishing was performed using 9, 3, and 1 yum diamond suspensions,
respectively. For porosity examination, mixed acid etchant with the following chemical
composition was used: 75 ml HCl and 25 ml HNOs. Imaging of the porosity was conducted

by a Keyence VHX-5000 digital microscope.

3.3 Results and discussion

In this section, experimental tests are presented in three steps. First, the energy density is
evaluated as a metric for defect-free 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 condition. In this section, two sets of experiments were performed. Two cubic
parts were printed in each set with the same energy density but different laser powers and
scanning speeds. The parts in the first set were labeled as parts (I) and (II) with an energy
density of 183.33 J/mm3. Part (I) was printed with a scanning speed of 150 mm/s and a
laser power of 82.5 W. The scanning speed and laser power for part (II) were doubled.
The second set contained parts (I11) and (IV) with an energy density of 161.11 J/mm3.
Part (I11) had a scanning speed and a laser power of 150 mm/s and 72.5 W, respectively.
Part (IV) was fabricated with a scanning speed of 300 mm/s and a laser power of 145 W.

Figure 3-8 compares the quality of parts (1) and (IT), where part (I) was almost fully dense
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with a relative density of 99.99%, and part (/) had a relative density of 98.58% with
keyhole porosities in the whole part. Accordingly, parts fabricated by the L-PBF process
can have different qualities and relative densities even when subjected to the same energy
densities but different combinations of laser power and scanning speed. Figure 3-9 presents
the discrepancy between the quality of the parts fabricated with the same energy density in
the second set. As can be seen, part (III) contains LOP while part (IV) has keyhole
porosities. Therefore, 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 parts. This makes it necessary to implement temperature-related criteria, which would

be explained in the following section.

Part (1) Part (I1)

Figure 3-8 (a) Part (I) (P = 82.5W and V = 150 mm/s) and part (II) (P = 165 W and
V =300 mm/s) were printed with the same energy density of 183.33 J/mm3.
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Part (I11) Part (IV)

¢ 4
" —
200 um

1000 um

Figure 3-9 Part (III) (P =72.5 W and V = 150 mm/s) and part (IV) (P = 145 W and

V =300 mm/s) were printed with the same energy density of 161.11 J/mm3.

3.3.2 Safe zone detection

As discussed in section 3.2.3, LOF, LOP, and keyhole porosities are related to the melt
pool temperature. Also, a safe zone can be defined based on the temperature measurements
corresponding to each defect. In this section, fifteen cubic parts with dimensions of
10 mm X 10 mm X 10 mm were printed with a fixed scanning speed of 150 mm/s, while
the laser power varied from 60 to 95 W with a step size of 2.5 W to obtain various features.
In addition, the melt pool temperature measurements were carried out to investigate the
relationship between the measurements and the quality of the parts. Table 3-2 shows the
process parameters and the relative density corresponding to each sample. Figure 3-10
displays the quality of samples 4-12. Samples 7-10 are almost defect-free, containing only
a low content of tiny gas pores. Some small keyhole porosities emerged in sample 11,
which are shown in Figure 3-10(a). The quantity and size of the keyhole porosities

increased in sample 12. This observation indicates that samples with laser powers equal or
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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 3-10(b)), while samples 1-4 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 3-2 The process parameters and relative densities of the parts fabricated in this

study.

Sample Laser Scanning Layer Hatch Relative

number | power (P) | speed (mm/s) | thickness (um) | spacing (um) | 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 77.5 150 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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(a)

50 um

Figure 3-10 (a) Non-etched optical micrographs of samples 4-12. Higher magnification
micrographs of etched cross-sections of samples 11, 6, and 4 showing keyhole, LOP, and

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

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

each curve represents the temperature measurement 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 maximum apparent 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 and 11. This is in line with the signal overlap

observations between the defect-free and defective cases reported in [32].

T T T T T I

Max Sample 4
Max Sample 6
Min Sample 7

Max Sample 8 ||
1800 Max Sample 10

Defect free zone

|
1550
= MUV &

1450

Apparent temperature
— — — —
(o)} D =~ ~l
o a o [$)]
o o o o

1000 2000 3000 4000 5000 6000
Time (ms)

Figure 3-11 Temperature measurements during printing of different samples. The defect-
free zone is detected based on the maximum 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
same logic, the maximum measurement in sample 6 is the lower band of the safe zone
below which LOP porosity formation is probable. The 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 signal below the maximum

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

3.3.3 Controller performance

As mentioned in section 3.2.5, a PID controller was employed to adjust and keep the
temperature of the melt pool within the safe zone during the process. In this section, three
sets of experiments were implemented with different scenarios to test the performance of
the controller. In the first set, ten initial layers were printed with the laser power of 100 W
and the scanning speed of 150 mm/s. Then, the controller was switched on to manipulate
the laser power for the following 100 layers. The reason behind printing the initial layers
with a fixed laser power was to reveal the speed and the functionality of the controller.
Figure 3-12 shows the quality 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 porosities have
completely vanished. Figure 3-13 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 exceeds the upper

limit, the controller reacts and adjusts the laser power to maintain the quality of the part.
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The red rectangle in Figure 3-12 shows the transition zone of the process. The porosity
level became lower in the building direction during this period. It is worth noting that
defect-free 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 in section 3.3.2, and (ii) the laser fused not only the powder layer but

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

Figure 3-12 The sample fabricated during the first set of experiments. The red rectangle

corresponds to the settling time.
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Figure 3-13 (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.

92



Ph.D. Thesis — Hossein Rezaeifar McMaster University - Mechanical Engineering

The second set of experiments was carried out with the initial laser power of 68 W and the
scanning speed of 150 mm/s, producing 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 in Figure 3-14, 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 Figure 3-15, the safe zone became

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 3-14 The sample fabricated during the second set of experiments. The red

rectangle corresponds to the settling time.
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Figure 3-15 (a) Temperature measurements during the control process of the second set

of experiments, and (b) the output of the controller.
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The third set of experiments was designed to examine the controller performance at
different scanning speeds. The initial laser power was set at 145 W, and the scanning speed
at 300 mm/s since these process parameters yielded keyhole porosities (Figure 3-9(b)).
The fabricated part is shown in Figure 3-16. As observed, the controller can adjust the laser
power to eliminate the porosities. Also, Figure 3-17 shows that the temperatures were
successfully inside the safe zone, resulting in a defect-free section at the top layers.
Therefore, regardless of the scanning speed, the controller performed well and enhanced

the L-PBF product quality.

In general, the results showed that controlling the temperature using a PID controller is a
cost-and-time effective approach in which all the process parameters which were not
included in the 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 different conditions. It should be emphasized that although this approach may not heal

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

Figure 3-16 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, the combination of the control approach with suitable on-line 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 complex geometries and high parts since 1) the porosities
discussed are all correlated to the temperature, therefore even with the complex geometries,
these defects form with the same thermal situation and 2) it is shown that the controller
designed in this study reacts 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. Three types of porosities (lack of fusion, lack of penetration,
and keyhole) were investigated. A monitoring system consisting of a thermal camera and
an IR-transmissive window was utilized to find the correlation between each type of

porosity and thermal measurements. Based on the measurement results, a safe zone was
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introduced, and a PID controller was used to keep the thermal signals within the safe zone
during the process. The performance of the controller was evaluated in three different
scenarios. The results indicate 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 L-PBF fabricated parts because it only involves a limited 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 even can contain various types of defects under
such conditions. Therefore, an on-line investigation and control of the process
features are required to result in a high-quality part.

2. Temperature ranges corresponding to each type of porosity are identified through
temperature measurements. This classification helps to identify a temperature
range that is free from any defect. By keeping the temperature within this range
using manipulation 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 approach was examined in this study for elevating
the quality of the Inconel 625 parts fabricated by the L-PBF process, the combination of
the control approach with on-line corrective actions can be studied for other materials and
different geometries in the future. In this 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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Abstract

This study aims at minimizing the top surface roughness of the parts manufactured by the
laser powder bed fusion (L-PBF) process by deploying a Feedforward plus Feedback
control system. 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 monitoring system consisting of a high-speed 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 using the imaging system and subsequent image processing.
An experimental model was developed, and the control system was designed accordingly.
The performance of the control system 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 scanning speeds and with different geometries. The results obtained from this
study showed that controlling the geometry of the melt pool can mitigate significant defects

occurring during the process and minimize the top surface roughness.

Keywords

Laser powder bed fusion, Monitoring of additive manufacturing, Surface roughness,

Defects, Control of additive manufacturing.

Abbreviations
AM Additive Manufacturing
CAD Computer-Aided Design
EDM Electrical Discharge Machining
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FB Feedback

FF Feedforward

L-PBF Laser Powder Bed Fusion

MPC Model Predictive Control

PD Proportional-Derivative

PID Proportional-Integral-Derivative
PM Partially-Melted

SEM Scanning Electron Microscopy
UM Un-Melted
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4.1 Introduction

Laser powder bed fusion (L-PBF) process is a well-established additive manufacturing
(AM) technology in which metal powders are fused layer-by-layer to fabricate near-net-
shape parts in two main stages. First, the powder is uniformly deposited on a substrate.
Then, a high-power laser selectively melts powder particles based on a computer-aided
design (CAD) model. This process continues until the final component is built [1-6]. The
development of the L-PBF 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 assemblies [7]. However, internal defects and unacceptable surface quality
of parts in the as-built condition are major concerns toward fully implementing this
unprecedented technology in many industries, especially the aerospace and marine. 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 loading [8,9].

The surface quality of the L-PBF fabricated parts can be categorized into two groups of
side-surface and top surface quality. The surface roughness corresponding to the side
surface originates mainly from the “stair-stepping effect”[1,10,11] and adhered powder
particles. The former correlates to the layer thickness and part orientation, and the latter
finds its route in powder attribute [12] (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 inter-track overlap and balling), spatters, and the

overlapping curvature of laser scan tracks [13—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 spherical/semi-spherical
shape to reduce the significant difference in the surface tension. This effect is
known as the balling phenomenon (Figure 4-1(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 subsequently cause severe top surface roughness.

2. Lack of inter-track overlap: This is referred to a situation in which the amount of
energy delivered to the powder bed during the L-PBF process is not sufficient for
the complete melting of the powder particles. (Figure 4-1(b)) [20-23]. At
extremely low 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 roughness deterioration or even process failure.

3. Spatter: Spatters are caused by the Marangoni convection combined with the recoil
pressure, which acts to eject the molten material from the melt pool to the
surrounding [24,25]. Despite the low recoil pressure, which facilitates the melt
pool flattening during the L-PBF process, the high recoil pressure caused by the
extremely high absorbed energy leads to the material evaporation, melt explosion,
and creation of metallic jets [26,27]. When crushed by the metallic vapor, the
ejected material is broken into micro-sized molten droplets. The dispersed droplets
are called spatters [28—30]. If the spatter droplets solidify on the surface of the
layer, they can affect the surface quality. Figure 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 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 the level of inter-track overlap [16].

According to the abovementioned discussion, post-processing seems essential to obtain the
desired surface quality for many applications. Based on [31], 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 the as-built condition. To address this, one feasible approach is
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.

RS
- - N

ik i

100 um

Figure 4-1 Factors that impact the surface quality: (a) Balling effect, (b) Lack of inter-

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

111



Ph.D. Thesis — Hossein Rezaeifar McMaster University - Mechanical Engineering

Two of the factors affecting the surface roughness, namely, lack of inter-track overlap and
overlapping curvature of scan tracks, are correlated to the width of the melt pool [16,20].
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. According to [1], 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 ball-shaped beads. Therefore, the dimensions of the melt pool play 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.
For example, variations of scanning surface in building direction result in different melt
pool temperatures and consequently melt pool dimensions in complex geometries [32]. In
addition, 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 value solves the defects and consequently
improves the surface quality of the part fabricated by the L-PBF 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 solve the internal defects
in previous layers. As noted, these defects can create conditions that result in increased
surface roughness or part failure during the process. Layer-by-layer re-melting has also
been employed in the literature to improve the surface roughness [34-36]. 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 reduction [37,38].
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A few attempts have been made recently to control the melt pool dimensions in the L-PBF
process. Xi [39] investigated the performance of the proportional-integral-derivative (PID)
control and model predictive control (MPC) approaches in controlling the melt pool depth
and width via implementing various simulations. Similarly, Hussain et al. [40]
implemented a simulation-based control of the melt pool area. However, the simulations
fail to provide a precise prediction of the real conditions. Vasileska et al. [41] controlled
the melt pool area via a layer-wise feedback control approach in a pulsed-wavelength L-
PBF machine by manipulating 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 proposes a Feedforward plus Feedback (FF plus FB) control system to
keep the melt pool width of Inconel 625 superalloy close to the desired value and the level
of spatters lower than a critical value during the 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 low-pass filter capable of capturing the melt pool
width and level of spatters was 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 suitable range for the level of spatters using the described sensors and
microscopy. After that, the process model was obtained utilizing the modified two-
innovation stochastic gradient descent approach and the data gathered from the high-speed
camera. Some simulations were conducted to evaluate the performance of the control

system. Finally, the control system was experimentally implemented on the L-PBF
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machine. The performance of the controller was examined for three different scenarios,
and the surface quality of the 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 speeds but also mitigates defect formation and makes the fabrication of almost

defect-free parts with the minimized surface roughness time-and-cost effective.

4.2 Experimental procedure

4.2.1 Fabrication procedure

In this study, an OmniSint-160 L-PBF machine equipped with a Yb-fiber laser with a
maximum laser power of 400 W, a wavelength of 1090 nm, and a spot size of 100 um was
utilized to print parts. The laser power can be manipulated layer-by-layer in this machine,
making the control approach possible. The process chamber was filled with high-purity Ar
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 which are explained in [42].
The material used in the study was gas atomized Inconel 625 powder with a nominal
particle size in the range of 15-45 um. The scanning strategy was serpentine with 90
degrees rotation between two consecutive layers. The hatch spacing and nominal powder

layer thickness in all parts were 100 and 30 um, respectively.

4.2.2 Melt pool imaging and calibration

Figure 4-2 shows the high-speed imaging system mounted on the process chamber of the
L-PBF machine. A FASTCAM MC2.1 high-speed camera (Photron) operating at 2 kHz
acquisition frequency fitted with a TOYO OPTICS F1.8 zooming lens was employed to

observe melt pool width and the level of spatters during the process. As shown in Figure
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4-2, the camera was mounted off-axially at 40 ¢cm from the build surface and a viewing
angle of around 60 degrees. The images were taken with 50 us integration 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 with a cut-off
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 camera is required 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 camera (Figure 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 model [43] was considered to correct both mentioned errors. The
calibration was performed via calibration grid in LabView NI Vision Assistant. The details
of the calibration procedure have been explained in [44,45]. Figure 4-3 illustrates an image
before and after the distortion calibration. Following the distortion calibration, another
calibration step was performed 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 microscopy (SEM), and Imagel] was

utilized to convert the pixel measurements to the real measurements (Figure 4-4).
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Figure 4-2 Monitoring system: the high-speed camera was mounted with a viewing angle

of approximately 60° 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.
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Figure 4-4 (a) Average of true width of 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 (Figure 4-5(b)), followed by an erosion
image processing [46] to separate the spatters from the melt pool. Figure 4-5(c) shows the
spatters, and Figure 4-5(d) illustrates the separated melt pool. However, the spatters tend
to overlap and expand the melt-pool area because of the off-axial 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 (Figure 4-5(¢)). 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 pool (Figure 4-5(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 4-5 (a) Image after calibration, (b) binary image, (c¢) spatters, (d) melt pool
separated from spatters, (e) corrected melt pool with 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 of 20 kV. The surface roughness of
the samples was measured with Alicona “InfiniteFocus” microscope and Mitutoyo SJ-410
stylus profilometer. The surface roughness measurements reported in this study are the
arithmetic mean surface roughness value (Sa) and the arithmetic 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 samples were mounted in phenolic thermosetting
resin and then ground with sequentially finer SiC grinding papers. The polishing was
performed using 9, 3, and 1 um diamond suspensions, respectively. Etching was performed

by mixed acid etchant with the chemical composition of 75 ml HCI and 25 ml HNO3.
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Optical imaging of the sectioned parts was conducted by a Keyence VHX-5000 digital

microscope.

4.3 Defects investigation

The experimental investigation was conducted on 18 samples with dimensions of
10 mmx 10 mmx 10 mm printed with a fixed scanning speed of 500 mm/s and various
laser powers changing from 60 to 230 W (Part 1 to 18) with an increment of 10 W. 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 4-6(a), the surface of Part 1 was full of discontinuous scan tracks
originating from a severe balling. In Part 3 (Figure 4-6(b)), although the surface still
contained discontinuous tracks, the level of balling decreased. Part 7 was the first part
having uniform tracks (Figure 4-6(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 Figure 4-7. The average Sa in Parts 3 and 7
was 25.953 and 20.422 um, 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 but also eliminates the balling phenomenon. In Part 10, tracks had an acceptable
overlap (Figure 4-6(d)). However, the surface would be more flattened by increasing the
laser power since, at 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 melt flow and
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wetting of adjacent tracks. For example, Part 14, shown in Figure 4-6(¢e), 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 affected the surface
quality. For instance, a great amount of large spatters was formed on the surface of Part 18,

as shown in Figure 4-6(f).

The Sa of Part 9 to Part 18 was measured to investigate the effect of laser power and spatters
on the surface quality. As shown in Figure 4-8, 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

increased noticeably. Therefore, it can be interpreted that increasing the laser power

e ack of overlapges
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Figure 4-6 SEM images 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, (¢) 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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Figure 4-7 Color-3D images showing the top surface topography of parts produced by L-
PBF processing of: (a) Part 3 with the laser power of 80 W and the scanning speed of 500
mm/s, and (b) Part 7 with the laser power of 120 W and the scanning speed of 500

mm/s.
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Figure 4-8 Surface roughness of the Parts 9 to 18.

decreased the Sa until Part 15, and then a large amount of spatters adversely affected the
surface. Although the focus of this study is on minimizing the surface roughness, the level
of porosity was also inspected to see whether increasing the laser power deteriorates the

internal quality of the part drastically. The relative density of the parts is listed in Table 4-
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1. Samples 15 to 18 had relative densities higher than 99%, which shows that the effect of
the laser power on the internal porosity was not extreme in this range. Therefore, the level
of spatters can be considered as the only factor determining an upper boundary to improve
the surface quality. Table 4-1 also shows the level of spatters for the last layer measured
by the high-speed camera, confirming that it has increased by increasing the laser power.
As a result, the level of spatters was kept lower than 42.929, corresponding to Part 15, to
remove the negative impact of spatters on the surface quality. Moreover, the desired width
of the melt pool was obtained from the etched sections of the samples. Figure 4-9 shows
that the desired melt pool for having a suitable overlap is 171 um, which was used in the

control system as the reference width.

Desired melt pool width

Figure 4-9 Desired melt pool width by assuming approximate symmetry of the melt pool.
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Table 4-1 The process parameters, relative densities, and the level of spatters in final

layer of the parts fabricated in this study.

Sample | Laser power | Scanning speed | Average relative Level of

number (W) (mm/s) density (%) spatters (pixels)
9 140 98.64 9.615
10 150 99.11 12.429
11 160 99.56 17.857
12 170 99.89 39.071
13 180 500 99.85 37.538
14 190 99.85 39.143
15 200 99.7 42.929
16 210 99.59 50.643
17 220 99.52 59.636
18 230 99.43 52.481

4.4 Modeling and Control

4.4.1 System identification approach

Prior to implementing the control strategy in the real plant, a model is required to be
developed to make the evaluation of the control system possible through a simulation
method. System identification is the most common method in the literature among different
modeling approaches which has been utilized to demonstrate the AM process [47—49] for
control purposes. For system identification, a combination of 20 scanning speeds and laser

powers was used.
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Based on [50,51], the melt pool width increases by increasing the input energy. However,
the relation between the melt pool width and input energy is not linear. Given that the layer

thickness and hatch spacing were constant in this study, the input energy can be represented

by g. Figure 4-10(a) shows that there is no specific correlation between the average width

of the melt pool and its corresponding §. As a matter of fact, the absorbed energy, rather

than the input energy, is the factor determining the melt pool dimensions. The absorbed
energy is dictated by the absorptivity of the material at different conditions. Based on [52],
the absorptivity of the material depends on the exposure time (7,) of the laser beam, and

for Ni, the absorptivity changes approximately proportional to the square root of the

exposure time (A & \/ﬁ). For continuous wavelength lasers, T, is proportional to
%. Therefore, the absorbed energy can be represented by %. Figure 4-10(b) shows that the

average width of the melt pool has approximately a linear relation with its corresponding
%. Thus, % was considered as the controller output or plant input. However, the situation
of the previous layers affects the width of the melt pool in the ongoing layer. A second-
order model was considered for the width of the melt pool to include the effect of the plant
input and width of previous layers:

W(z) cz ! (4-1)
U(z) 1—az1+bz2

Eq. (4-1) can be rewritten as follows:

wk)=aw(k — 1) +bw(k —2) +cu(k—1) (4-2)
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Figure 4-10 (a) There is no specific relationship between the average width of the melt
pool and input energy, and (b) the average width of the melt pool has an approximately

linear relationship with absorbed energy.

where w(k) is the average width of the melt pool at layer k, and u(k — 1) is the output of
the controller applied to the next layer (layer k). Coefficients a, b, and ¢ were obtained
using the modified two-innovation stochastic gradient descent approach [53]. Eq. (4-2) can

be rewritten as:

w(k) = ¢" (k)0 (4-3a)
0 = [a,b,c] (4-3b)
o) = [wk — 1), w(k — 2),u(k — 1)] (4-3¢)
6 =a,b,é] (4-3d)

where 6 and ¢ are the true value and the information vectors, respectively. Also, 8 is the
estimated value during the identification process. In the modified two-innovation

stochastic gradient descent, the cost function is:
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J(0) =1,(0) +2(0) (4-4a)

1:(8) = 5 (wk — 1) — 97k~ 1)B)’ (4-45)

12(6) = 5 (W) — 7 ()6)’ (4
By considering the iteration function to find the minimum value of J (9) as:

F(8) =0+ a(p, +p2) (4-5)
Where p; and p, are the negative gradient directions and can be calculated as:

p1=—0h =gk - D(wk—-1) —¢"(k—1)8) (4-6a)

p2 = —Af, = pk)(w(k) — 9" (k)8) (4-6b)
When 8 converges to the true value:

6 =F(8)=0+a(p, +p2) (4-7)
Then the cost function can be rewritten as:

11 2 (4-8)
J@ =) 5wl == 0"k = (8 + alo + )
i=0

. . d . :
In order to obtain the minimum value of J(a), é = 0 is required to be solved:
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(4-92)

N

1
i=0

= <W(k —) =" (=) (Bes + alpy + Pz))) (=" (k = D1 +p))

g

0

(p1+p2) T (P1+D2) (4'9b)
2
Lo(@T =D (1+72))

a =

Therefore, each iteration can be implemented by Eq. (4-3), (4-6a), (4-6b), (4-7), and (4-

9b).

4.4.2 Control strategy

As mentioned, the quality of the previous layers can affect the surface roughness of the
next layers. Therefore, the proper situation should be provided for the process as quickly
as possible. In other words, the response time of the controller requires to be short. An
inverse model-based feedforward controller can provide a suitable control output to
achieve the reference point in a short period [54,55]. However, in practice, a feedback
controller is needed to compensate for the model inaccuracies. According to [56], using a
feedforward-only controller in the presence of modeling error results in a steady-state error.
In addition, due to the nature of the AM process, measurement errors are unavoidable,
making it essential to deploy a feedback controller. In this study, an inverse model-based
feedforward controller [55] was developed based on the model presented in section 4.4.1
and was used with a proportional-derivative (PD) controller in the parallel form to keep the
width of the melt pool constant at the desired width (determined in section 3). The control
system block diagram is shown in Figure 4-11. The Max spatters block uses the spatter
level and laser power of the previous layer to prevent the controller from increasing the

laser power when the level of spatters reaches the critical value. According to section 4.4.1,
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. P : :
uis = and can be achieved by ux+ up. us is the controller output of the feedforward

controller and can be formulated as:

Upp(z) 1—az™'+bz™? (4-10a)
Wy(z) cz™1
1) = wy (k) — awy (k —C 1) + bwy(k — 2) (4-10b)

where w, (k) is the desired width of the melt pool at layer k. ug, is the output of the feedback

controller and can be formulated as:

upp(k — 1) = upp(k — 2) + Kpe(k — 1) + Ky(e(k — 1) — e(k — 2)) (4-11)

4.4.3 Simulation Results

Three different simulation scenarios were carried out by means of MATLAB programming
software to evaluate the performance of the proposed control system in preserving the
width of the melt pool at the desired value. Figure 4-12(a) shows the variation of the melt
pool width during the process without noises and modeling errors (perfect model). It can
be seen that the desired melt pool width (mentioned in section 4.3) was achieved only after
6 layers. Although preparations were considered to avoid noises in the setup of the
monitoring system, in an environment such as the L-PBF process chamber, a level of noise
can happen during the measurements. Figure 4-12(b) illustrates the simulation results in
the presence of some noises, which can produce errors up to 10 ym. The maximum error
after reaching the desired width was 2.33 um which shows that the controller performed
well even in the presence of the noises. In addition, since all models fail to provide a perfect
prediction in real conditions, a percent of error should be considered in the simulation. 20%
modeling error was considered in this study. Accordingly, the real model would be:
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Figure 4-11 The block diagram of the control approach. uy is the controller output of the

feedforward controller, and ug, is the output of the feedback controller.
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w(k) =aw(k —1) + bw(k — 2) + (1.2c)u(k — 1) (4-12)

Figure 4-12(c) shows the result of the simulation when 20% modeling error and noises
were taken into account. Although the response has 5.7% overshoot, the width of the melt
pool reached the desired width after 11 layers, indicating that the FF plus FB controller can

control the melt pool width even in the presence of modeling errors.

4.5 Experimental results and discussion

As mentioned in section 4.4.2, the FF plus FB controller was employed to track the desired
width of the melt pool and avoid a high level of spatters during the process. In this section,
three sets of experiments were carried out with different scenarios to examine the

performance of the controller.

4.5.1 Controller performance at the scanning speed of 500 mm/s

In the first set of experiments, the performance of the control system was evaluated at the
scanning speed that the defect investigation was performed (section 4.3). The initial laser
power was 150 W, in which the density of the produced part would be higher than 99%.
Then, the controller adjusted the laser power for the following 300 layers. Figure 4-13
shows the laser power and width of the melt pool versus the layer number during the
process. The melt pool width and the laser power for the first 50 layers of the process are
also presented in Figure 4-13 (¢) and (d), respectively. The results indicate that the
controller kept the melt pool width close to the desired value. In addition, the followings

can be understood from this set of experiments:

1. Similar to the simulation, the response of the system (melt pool width) exceeded

the desired width in the beginning of the process and then reached close to it. The
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output of the feedforward controller is responsible for the observed deviation in
the beginning of the process, though it caused the control system to perform faster.
2. As shown in Figure 4-13(c), at some layers, such as layer 36 (green circle), the
response can have a high error because of fluctuations inside the process chamber.
Nevertheless, it did not result in the instability of the process.
3. Atlayer 3 (red circle in Figure 4-13(d)), the average spatter level was 43.94 pixels,
preventing the controller from increasing the laser power, though the

measurements of the melt pool width were lower than the desired one.
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Figure 4-13 (a) The melt pool width during the control process at 500 mm/s, (b) the
laser power during the control process at 500 mm/s, (c) the melt pool width during the
control process for the initial 50 layers, and (d) the laser power during the control process

for the initial 50 layers.
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Besides, the surface roughness of the parts fabricated with and without the controller was
compared in Figure 4-14. It is obvious that the quality of the top surface was better when
the control system came into action. While the average Sa of the part manufactured by laser
power of 150 W was 10.48 um, that of the controlled part was 5.91 um, indicating that the

controller has remarkably improved the surface roughness.

The roughness measurements perpendicular to the scanning direction were also compared
in Figure 4-15, representing the lower range of roughness in part fabricated by the control
system. The average Ra of the controlled and uncontrolled parts from 6 measurements were

4.95 and 9.62 um, respectively.

Height : Height
o (b) o

Figure 4-14 Color-3D images showing the top surface topography of parts produced by
L-PBF processing of: (a) the part fabricated by control process at the scanning speed of
500 mm/s, and (b) Part 10 with the laser power of 150 W and the scanning speed of 500

mm/s.
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Figure 4-15 (a) the lines of roughness measurements, (b) roughness measurements
perpendicular to the scanning track for the uncontrolled part fabricated at 500 mm/s, and
(c) roughness measurements perpendicular to the scanning track for the controlled part

manufactured at 500 mm/s.

4.5.2 Controller performance at the scanning speed of 400 mm/s

The second set of experiments was carried out at the scanning speed of 400 mm/s to
examine the performance of the controller at different scanning speeds. A sample with the
fixed laser power of 140 W (uncontrolled condition) was also fabricated and compared
with the controlled sample at the scanning speed of 400 mm/s. Since the scanning speeds

of the first and second scenarios were close to each other, it was expected that the part with
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the fixed process parameter has a relative density over 99%. The initial laser power of the
controlled scenario was also 140 W. Referring to the results of the control system shown
in Figure 4-16, the melt pool width quickly reached close to the desired value, confirming
the discussion provided in section 4.5.1. The surface quality of the controlled and
uncontrolled cases were compared in Figure 4-17. The average Sa values for the controlled
and the uncontrolled samples were 6.64 and 9.61 um, respectively. Also, Figure 4-18
shows the roughness measurements. The average Ra of the controlled part was 5.93 um
while this value was 9.02 um for the uncontrolled part. Therefore, it can be inferred that
the proposed FF plus FB controller was effective for various scanning speeds and was

capable of enhancing the surface quality at different initial conditions.
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Figure 4-16 (a) The melt pool width during the control process at 400 mm/s, (b) the

laser power during the control process at 400 mm/s.
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Figure 4-17 Color-3D images showing the top surface topography of parts produced by

L-PBF processing of: (a) the part fabricated by control process at the scanning speed of

400 mm/s, and (b) the sample with the laser power of 140 W and the scanning speed of
400 mm/s.

4.5.3 Bridge geometry

The third set of experiments was designed to fabricate a benchmark geometry (bridge) to
evaluate the performance of the controller when printing an unsupported surface. Figure 4-
19 shows the geometry of the bridge used in this study to simulate the printing of such a
surface. The bridge had a total height of 132 layers, with a deck starting from layer 67.
Sections (I) and (II) were evaluated separately because of the absence of support structure
in the latter. Each section had an area of 10 mmx 10 mm. The experiment was
implemented at the scanning speed of 500 mm/s. A sample with a fixed laser power of

150 W was also fabricated for the sake of comparison.

When the laser printed the first layers of section (II), the melt pool size increased drastically
due to the lower heat dissipation from the underlying powder bed. This consequently
increased the average melt pool width of the whole layer (including sections (I) and (II)),
which will be used as a feedback signal for adjusting the laser power of the next layer.
Figure 4-20(a) and (b) demonstrate that the melt pool width in sections (I) and (II) at layer

67 with the laser power of 150 W is 147 and 233 um, respectively.
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Figure 4-18 (a) the lines of roughness measurements, (b) roughness measurements
perpendicular to the scanning track for the uncontrolled part fabricated at 400 mm/s, and
(c) roughness measurements perpendicular to the scanning track for the controlled part

manufactured at 400 mm/s.
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Figure 4-19 The bridge geometry and the recoating direction.
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Figure 4-20 (a) The melt pool in section (I) at layer 67 and (b) the melt pool in section
(IT) at layer 67.

The melt pool enlargement in section (II) of the bridge can cause different types of defects
such as warpage and distortion. Such defects provide an unfavorable condition for the part
in the uncontrolled case. First, the severe warpage results in an uneven powder deposition.

Second, the warpage can act as an obstacle to the recoater movement and cause damage to
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it, which affects the powder spreading for the rest of the process. Figure 4-21(a) and (b)
show the damage due to the warpage in the uncontrolled case along the x and y directions,
respectively. Both these damages deteriorate the surface quality of the final part. Therefore,
the presence of corrective action is vital in such situations to minimize the surface

roughness.

Figure 4-22 shows the results of the control system for the same geometry in the controlled
condition. At layer 67, the melt pool width increased, and the control system reduced the
laser power to decrease the average melt pool width of the next layer. After a few layers,
the base of the deck reached the situation close to the normal printing condition, and the
melt pool width dropped at layer 74. Finally, the building condition completely returned to

its desired situation from layer 82 by increasing the laser power.

Severe warpage

—
400 pm

Figure 4-21 (a) Part with fixed process parameters (consisting of two pictures from the
left and right sides of the part connected to each other), the severe warpage resulted in
defects along x direction, and (b) the effect of poor powder deposition due to the

warpage.
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Figure 4-22 (a) The melt pool width during the control process of the bridge geometry,

(b) the laser power during the control process of the bridge geometry.

By comparing Figure 4-21(a) and Figure 4-23, it can be inferred that the implementation
of the control system could effectively mitigate the warpage at the deck of the bridge. As
a result, the control system has resolved the issues caused by the uneven powder deposition
in both x and y directions, leading to the enhanced quality of the top surface. The quality
of the controlled and uncontrolled parts at sections (I) and (II) were compared in Figure 4-
24. In section (I), the average Sa for the uncontrolled sample was 11.58 um which was
higher than that of Part 10 (simple cubic geometry) mentioned in section 4.3. The average
Sa in section (I) for the controlled sample was 6.96 wm which shows that although it is not
as high quality as the controlled part showed in 4.5.1, the control system enhanced the part

quality and prevented the sample from failure.
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Figure 4-23 The controlled bridge sample (consisting of two pictures from the left and
right sides of the part connected to each other). The issues in the uncontrolled sample

were resolved.
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Figure 4-24 The comparison of surface quality between the controlled sample and
uncontrolled sample: (a) the surface quality of section (I) fabricated with the control
system, (b) the surface quality of section (I) manufactured with fixed process parameters,
(c) the surface quality of section (II) for the controlled sample, and (d) the surface quality

of section (II) for the uncontrolled sample.
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Regarding section (II), the average Sa for the uncontrolled sample was 15.25 um while it
was 7.63 um for the controlled part, confirming that the control system improved the
surface quality. The higher Sa in section (II) of the controlled part compared to the Sa in
section (I) can be explained by the absence of support under the deck of the bridge.
Moreover, the average Ra in section (I) for the uncontrolled and controlled samples were
10.81 and 6.77 um, respectively, while the average Ra in section (II) for the uncontrolled
and controlled samples were 13.60 and 7.11 um, respectively. Both measurements confirm

that the controller improved the surface quality of the bridge.

Figure 4-25 shows the primary profile of the parts fabricated under controlled and
uncontrolled conditions across the three different scanning tracks (y direction). The
scanning tracks were located at the right, middle, and left of the parts. According to Figure
4-25(a)-(c), there were two main concave sections indicating a geometry inaccuracy
perpendicular to the scanning tracks. The distance between these two sinking sections was
9.39 mm which is almost equal to the length of the deck. In other words, the sinking
sections were located close to the edges of the deck. It occurred mainly because of the
absence of support structure and the inadequate deposition of powder in these regions
during the powder spreading stage. The negative height area in Figure 4-24(c) also can be
explained by the absence of support at section (II). However, the inaccuracy at the edges

of the deck drastically decreased in the controlled part (Figure 4-25(d)-(f)).

In general, the results showed that controlling the melt pool width using the FF plus FB
control approach is a cost-effective real-time approach that can minimize the surface

roughness and mitigate the formation of internal defects during the process. Besides, this
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technique enhances the quality of the part regardless of the initially employed process

parameters.
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Figure 4-25 Primary profile of a line in y direction located at: (a) the right side of the
uncontrolled part, (b) the middle of the uncontrolled part, (c) the left side of the
uncontrolled part, (d) the right side of the controlled part, () the middle of the controlled
part, (f) the left side of the uncontrolled part.

4.6 Conclusions

In this study, a monitoring system consisting of a high-speed camera, zooming lens, short
pass filter, and image processing approach was developed to measure the dimensions of
the melt pool and the level of spatters during the process. In addition, the effect of some
defects originating from balling phenomenon and lack of inter-track overlap was
investigated on the top surface quality of the fabricated parts. The modified two-innovation
stochastic gradient descent approach was utilized to model the width of the melt pool based
on the absorbed energy. Also, an FF plus FB control system was developed to keep the
melt pool width close to the desired value to eliminate two of the top surface roughness
sources, namely; balling and lack of inter-track overlap, and to ensure smooth and flat
overlapping curvature between adjacent laser scan tracks, while avoiding the high level of
spatters. Some simulations were implemented to evaluate the control system performance
before the main experiment. Thereafter, the performance of the controller was evaluated in
three different scenarios. Regardless of the initial condition, scanning speed, and geometry
of the part, when the control system was deployed, the surface roughness was minimized
since not only the desired melt pool width was obtained but also a negligible amount of
spatters was perceptible on the top surface. In summary, the following conclusions can be

drawn from this study:

1. By increasing the laser power at a constant scanning speed and hatch spacing, first,

the balling phenomenon and then the lack of inter-track overlap can be eliminated.
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This is because as the laser power increases, the narrow and discontinuous laser
scan tracks turn into continuous and wide tracks with reasonable inter-track
overlap. Therefore, controlling the melt pool width not only solves the lack of
overlap issue but also can eliminate the balling phenomenon, both helping to
improve the top surface quality.

2. The surface roughness is improved by increasing the laser power until the high
level of spatters adversely affects the surface roughness. Therefore, in the control
approach, it is required to avoid too much increase in the laser power with the
purpose of enhancing the inter-track overlap since, at such conditions, the
excessive level of spatters offset the improvements achieved by the former and
even make the surface quality worse.

3. The desired melt pool width for the hatch spacing of 100 um and layer thickness
of 30 um was determined to be 171 um based on two criteria of reasonable inter-
track overlap and a negligible level of spatters.

4. The FF plus FB control system utilized in this study is applicable for different
initial conditions and at different scanning speeds.

5. The controller proposed in this study can even mitigate unexpected issues during
the process, such as warpage of the unsupported sections of a bridge geometry via
manipulation of the laser power. This results in improvement of surface quality
and prevention from process failure, which is of utmost importance for complex

geometries.
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Chapter 5

Summary and Conclusions

5.1 Summary and conclusive remarks

Inconel 625 is a nickel-chromium-based superalloy with a hardening mechanism of
niobium and molybdenum. With a melting point of about 1300 °C, it is considered a high-
temperature strength material. It is also well-known for corrosion and fatigue resistance.
These mechanical properties make this material highly favorable in aerospace, marine, and
nuclear industries. However, they are considered hard-to-cut alloys in conventional
manufacturing. Therefore, additive manufacturing can play an important role in producing
Inconel 625 parts. As mentioned, Inconel 625 has a huge role in sensitive industries, so the

quality of the part manufactured for such industries is required to be guaranteed.

The L-PBF processing of Inconel 625 parts has been studied in the past decade. Most of
the studies concentrated on the printability of the material and the properties of the part
fabricated by the L-PBF process. However, as mentioned, the quality of the part needs to

be monitored and controlled to have parts with uniform features (i.e., make the process
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more repeatable). This thesis focuses on monitoring and control for the L-PBF additive

manufacturing of Inconel 625 to improve different quality aspects of the final product.

The microstructure properties of the final part, specifically the primary dendrite arm
spacing of the Inconel parts fabricated by the L-PBF process was investigated. A two-color
pyrometer, which was calibrated previously, was utilized to measure the melt pool
temperature during the process. The melt pool temperature was controlled layer-wise using
three different controllers, namely, simple P controller, model-based adaptive P, and quasi
sliding mode controllers. 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. The fast response of the controller and the
knowledge about the initial temperature can be helpful for making the microstructure of
the part more uniform along the building direction, leading to more uniform mechanical
properties. Also, higher melt pool temperatures result in higher larger primary dendrite arm

spacing, leading to higher microhardness in Inconel 625 parts.

Moreover, different types of porosity which can deteriorate the quality of the part during
the process were investigated in this thesis. The applicability of the energy density in
predicting the densification level and defect type of the L-PBF fabricated parts was called
into question. It was shown that parts with the same energy density can have different
qualities and even have different types of porosities. Therefore, energy density cannot be
used generally to predict the level and type of porosity. Three types of porosities (lack of
fusion, lack of penetration, and keyhole) were investigated. A monitoring system
consisting of a thermal camera and an IR-transmissive window was utilized to find the
correlation between each type of porosity and thermal measurements and find a safe zone
for mitigating the porosity formation. Based on the results, the PID controller used to keep
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the temperature inside the safe zone performed well for different initial conditions and at

different scanning speeds, leading to improving the quality of the final part significantly.

Finally, the surface roughness of the part fabricated by the L-PBF process as another
element of the quality was targeted in this study. Different factors that can affect the top
surface quality, such as balling, lack of inter-track overlap, spatters, and overlapping
curvature, were investigated using a monitoring system consisting of a high-speed camera,
zooming lens, short pass filter, and image processing approach. The modified two-
innovation stochastic gradient descent approach was utilized to model the width of the melt
pool based on the absorbed energy, and a feedforward plus feedback control system was
developed accordingly to keep the melt pool width close to the desired value and keep the
level of spatters lower than the critical value. Simulation results showed that the controller
was applicable even with the presence of modeling error. Experimental results indicated
that by increasing the laser power at a constant scanning speed and hatch spacing, first, the
balling phenomenon and then the lack of inter-track overlap can be eliminated. Therefore,
controlling the melt pool width eliminates two sources of top surface roughness
simultaneously. The desired melt pool width for the hatch spacing of 100 um and layer
thickness of 30 um was determined to be 171 um based on two criteria of reasonable inter-
track overlap and a negligible level of spatters. It was shown that regardless of the initial
condition, scanning speed, and geometry of the part, when the FF plus FB control system
was deployed, the surface roughness was minimized since not only the desired melt pool
width was obtained but also a negligible amount of spatters was perceptible on the top
surface. The controller proposed in this thesis can even mitigate unexpected issues during
the process, such as warpage of the unsupported sections of a bridge geometry via

manipulation of the laser power.
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5.2 Strength, limitations, and future work

The effect of control systems on the quality of the parts during the L-PBF processing of
Inconel 625 investigated in the current thesis helps to guarantee the reliable and repeatable
fabrication of the final products that can be used in sensitive industries, which in turn, make
the production line of parts feasible. The control of temperature not only proves to be a
cost-effective and general solution for producing parts with optimum densification level
(as opposed to the energy density method) but also makes the microstructure and
consequently the mechanical properties of parts more uniform along the building direction.
The width control system used in this thesis not only reduces the cost and time of the post-
processing by minimizing the surface roughness but also prevents failure of the process
because of some unexpected issues during the manufacturing of complex parts. Overall,
the methods utilized in this thesis enhance productivity in highly sensitive industrial
applications.

The main section of the work that can be improved in future studies is using sensors with
higher sampling rates and resolution. It would help the effect of each controller on the
quality of the parts more accurately. In other words, more precise and fast measurement
provides more accurate feedback signals that can be used inside the control system.

In addition, as mentioned in chapter 2, it is possible to manipulate the microstructure by
manipulating the temperature results in manufacturing the FGMs. However, the primary
dendrite arm spacing was tried to be near uniform condition by controlling the melt pool
temperature in this thesis, which would act as proof of concept. Therefore, the idea of the
fabrication of FGMs using a control system requires further investigation. Additionally,
the effect of controlling the melt pool temperature on other mechanical properties of the

part manufactured by the L-PBF process can be investigated in the future.
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The approach used for porosity mitigation improves the quality of the part in a few layers
regardless of the initially employed process parameters. However, it should be emphasized
that to correct the occurred porosity and the process parameters for the following layers
simultaneously, the combination of this approach with suitable on-line corrective actions
(such as remelting for a specific case) is worth further investigation.

Also, parts fabricated in porosity mitigation are simple cubic samples that would prove that
the controller keeps the temperature inside the safe zone. Therefore, although it is expected
that the approach presented in this study can also be applied to complex geometries, it
should also be investigated in the future.

Furthermore, another approach for healing the porosity is the prediction of the porosity
before occurrence using previous knowledge with machine learning approaches. In other
words, machine learning can predict the quality of the part in some future layers, and the
control approach can adjust the process parameters to avoid such predicted defects. The
proposed approach also can be investigated in the future.

For minimization of the surface roughness, the level of spatters is considered as the metric
for the level of damage with this phenomenon. However, the speed and direction of spatters
also can be considered in the controller system to make the control approach more accurate.
Finally, the effect of control systems on other sources of quality degradation such as
residual stress, cracks, and different sources of geometry inaccuracy is a topic that is worth

investigating in the future.
5.3 Contribution

According to the literature, several factors change the quality of the final part during the
L-PBF additive manufacturing process. Therefore, it is of utmost importance to maintain

the part quality during the process. This thesis serves as an important step in dealing with
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improving the quality of the part fabricated with the L-PBF process and making the process
more reliable and repeatable. The main contributions of this study could be refined into the

followings:

1) The findings of this study have contributed to making the microstructure of the
parts during the L-PBF process near-uniform for the first time, which results in
more uniform mechanical properties. Also, manipulation of the microstructure
using the control of melt pool temperature was investigated.

2) Based on the correlation between the temperature of the melt pool and different
types of porosity, this thesis determined a safe zone for the fabrication of the parts.
Consequently, it replaced the energy density criterion, which can be used locally,
with a general approach of controlling the temperature to reach the optimum final
part.

3) The mechanism of surface roughness variations during the process was
investigated. A control system was designed accordingly with considering the
influence of the spatters for the first time. The results indicated that the control
system designed in this thesis minimizes the top surface roughness, reducing the

time and cost of post-processing of the final part.

Thus, this thesis paves the way for repeatability of the process and consequently mass

production using AM technology.
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