Control ofMicrostructuraen Laser

Additive Manufacturing

by
Mohammad Hossein Farshidianfar

A thesis
presented to the University of Waterloo
in fulfillment of the

thesis requirement for the degree of

Master of Applied Science
in

MechanicaEngineering

Waterloo, Ontario, Canada0Q14

© MohammadHosseinFarshidianfa2014



AUTHOR'S DECLARATION

| hereby declare that | am the sole author ofttesis. This is a true copy of the thesis, including any
required final revisions, as accepted by my examiners.

I understand that my thesis may be made electronically available to the public.

Mohammad H. Farshidianfar



Abstract

Since its arrival in the tae 1980606 s, Laser Addi ti ve Manufacturi

establish itself as one of the most advaneadatilemanufacturing technologies in thes2dentury.
LAM implies a novellayer by layersolidification of powder injected materidisr the formationof
arbitrary configurationsProduction ofcomplex shaped functional metallic components, including
metals, alloys and metal matrix composites (MMGaith desired mechanical and metallurgical
properties is currently the main focus in the LAhMustry.A potential problem in applying tHeAM
technigue however, is the possibility of an inconsistent microstructure throughautomplex

component.

The emphasi®f this thesis is to develop an automated cldseg@ systemin order to control
deposition microstructuref the LAM processn real time An infrared imaging system is developed
to monitor thermal properties of the process as feedback signhals. Cooling rate and melt pool
temperaturgare recorded in real time togwide adequate information of the thermal proc&hs.aim
is to provide a consistent microstructure by controlling thermal characteristics involhed M.

An experimental analysis developed to identify cooling rate and melt pool temperature sfect
the final microstructure using two combined parameters: the effective energy density and the effective
powder deposition density. The analysis prosiadgtical insight of how the microstructure is
specifically dependent on the cooling rate and itsatians. Further study is conducted to evaluate
cooling rate effects on the microstructure properties such as the morphology, grain size and phase
transformations. Positive correlation is observed between microstructure evolutions and the cooling
rate. Onthe other hand, cooling rate variations are also studied with respect to the traveling speed, in

order to identify a suitable controlling action for the controller.

Using the identified correlations between the cooling rate, travelling speed and the clad
microstructure, a novel feedbaekD controller is establisheid control the cooling rat&’he controller
is designed to operate the cooling rate aroamtksired point by tuning the travelling speed. The
performance of the controller is examined on s@veingleline and multiline closedloop claddings
in order to achieveesiredmicrostructures with specific propertié¢gesults show that the closémbp
controller is capable of generatiagonsistentontrolledmicrostructureduring the LAM process in

real time.
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Chapter 1

l ntroducti on

Laser Additive ManufacturingLAM) implies layer by layer shapirgf materials (usually in the form
of powdej to abitrary configurationand geometriesjsing acomprehensive integration of materials
science, mechanicahd controkengineering, and laser technology. The LAM technology, which uses
computer controllethigh powerlases as the energgource,is regarded as an important revolution in
the manufacturing industryThe technologyis currently being used in manufacturing and repair,
cladding design of novel alloysor functionally graded materials (FGM)and metallic rapid
prototyping

LAM offers several advantages in terms of proaggsnizationandquality of thefinal productover
traditional deposition techniquesich as arc welding and plasma spraylod§gM provides minimal
dilution and distortion, smaller heat affected zaed better surface quality geometry controlOn
the other handhe strengths dhser additive manufactured paliitsin those areas whe conventional
manufatured partgeach theidimitations. The technologiprings ina new approach wards design
and manufacturing bgnablinga desigrdriven manufacturing process where desigmaslonger
limited by productionmethods Furthermorehighly complex structureand materialsvhich can still
be extremely light and stabége achievable by the proceBsie to the high cooling ratene-grained

microstructures are produced during sifib@tion in the LAM process.

Although, LAM is capableof processing #roadrange of metals, alloys, ceramics and MMg,
mechanical properties (geometry, strength, hardness, residualatessicrostructural characteristics
(morphology, grain size, phase precipitation, etc.) ofdiyeositionsare difficult to be tailoredto a
specificapplication Process disturbances may even cause variations in the clad properties between
reproduced processing cycles performed using the same operating conditions. This poor reproducibility
arises from the higlsensitivity of LAM to small changes in the operating parameters and process
disturbances. The process involves complex-equilibrium physical and chemical metallurgical
process, which exhibits multiple modes of heat and mass transfieras Marangonidiv, buoyancy,
convectionand in some instances, chemical reactidhs.majority of the curretiteraturehas focused
on understanding of the relationships bet ween
characteristics and conditions of solidédtion. Reports reveathat the complex metallurgical

phenomena duringgAM processing are strongly material and process dependent and governed by



process paraeters (e.g. las@ower, laser typdraveling speed, spot sizgan line spcing and powder

chaacteristics.

The next big step forthe LAM technologyis to produce complex shaped functional metallic
components, including metals, alloys and metatrix composites (MMCs) thatave to meet specific
mechanical and metallurgicdémandgrom the aerosjce, automotive, rapid tooling, and biomedical
industrial sectorsFinding an optimal set adxperimentaparameters and using them in an cfmap
laser cladding process may not result in a good quality clad due to random or periodic disturbances in
the gistem. Therefore, development of an intelligent closeop control system is essential for
overcoming the aspects of disturbances in the process.

While, previous researchers have been successful in developing-ldopecbntrol process for
geometricaproperties (e.g. clad height and width) of the LAM process, there have been no successful
attempts in closetbop control of microstructural aspects of LAM produdgécrostructure analysis is
by far the broadest area of research in the LAM industry;elew the majority oktudies report
microstructural evolutions offne and for a specific material. For sensitive processes like LAM, which
are continuously disturbed by process and environmental variebkdsspecificmaterialoperaed at
a specificconfiguration requires a separate set ofliofé analysis. What is more, offline analysis of
microstructural evolutions do not guaranty consistent desired properties, theptesence of real
time process disturbances. Therefore, an intelligent cllasgxricontrol system, which can monitor and

track desired microstructural properties of the LAM process in real timegieaf importance

In this thesis, preliminary stemse takertowards understandintpe microstructural evolutions
real time in ordeto develop an intelligent expert system fofully automated and adaptive laser

fabrication process.

1.1 Fundamentals of LAM

The first step in developing an intelligent clodedp LAM process is to gain insight into the process
and its featuredn this pocessa stream of metallic powder is fed oratsubstratea high powendaser
beam melts the injected powder partidesl parts of the substrates the laser heats up the substrate
the molten metal is attached to thevingsubstrate to producedepaitedlayeras shown irFigurel-1.
By producing clads besides and on top of each oghemctional component is made ilagerby-

layerfashion.



Laser Beam

Solidified Clad
Nozzle

Powder
Particles

Figure 1-1 Schematic viewof the Laser Additive Manufacturing (LAM) process

LAM has specific features, which malieunique compared to other deposition methddis[2]:
1. Reduced dilution, which is the mixing percentage of the substrate to the clad region (compared
to laser alloying)
2. High heating/coling rates § 1 p Ui ) at the solid/liquid interfacén a small sized
molten pool p & &), which resultsn refined grain microstructure
Improved wear resistane@md hardness
Reduced thermal distortion
Reduced porosity, particularly ihAM by powder injectionwhich results in production of
near full density components made from metals, alkryd blended/composite powders
6. Improvedprocess control
7. Reduced postladding machining time and cost
As illustrated inFigure1-1, the LAM processs a conjunction othe main four engineerinfields: (1)
lasertechnology (2) computeraided design (CADand manufacturing (CAMY)3) rolotics, sensors
andcontrol, and4) powder metallurgyThese areas have made LAM one of the most broadest fields

in the industry.



CAD/CAM

Powder Metallurgy Control, Motion,
Sensors
Laser Additive
Manufacturing
Lasers

Figure 1-2 Different fields involved in LAM [3]1[6].

Various confgurations have been arranged &M based on these features
1 Lasers:Initially, CO; lasersvere usedn LAM as they werehe first laser sources available with
high power outpugt (a minimum power ofu 1t dx). Over the pasR decadesew laser sources
suchas Nd:YAG, diode, diskandmorerecently fiber laserbave beerdevelopedwhich can
produce high power outpw with greater efficiency and shorter wavelengths. Pulsed and
continuouswvave lasers are both applicable in LAM, although, selecting the proper type of laser

highly depends upon the type of the application.

1 Material Feeder: LAM requires additive materials. These materials are either preplaced on the
substrate before laser pessing (e.g., galvanizing, thermal spraying) or fed into the interaction
zone in form of powder or wire. Direct feeding techniques such as powder feeding are well
established these days, since preplacing limits thickness and materials and requiremaaladdit
process which increases the costezzles in LAM with powder feeding are either lateral or

coaxial.



1 Motion: The substrate and the laser head have to move relative to each other in order to produce
a deposition layer. Various configurations have beeveloped for generation of this relative
motion. In some configurations the laser head is stationary and the substrate moves by a multi
axis CNC machine. In others, the substrate is stationary and the laser head and powder feeder
system move by a robotarm with several degrees of freedom. There are cases in which both

the laser head and the substrate move.

1.2 Closed-loop Control of LAM

The second step towardeveloping a real time closédop LAM system is design and implementation
of a closedoop contrdler considerig all system constraintdmplementation of a closedop
controller requires set offeedback signals, control actions, anlaustcontrolalgorithm

Since the aim of the present thesis is to controtike@microstructure in real timéeedback signals
have toprovide informationregardingthe temperatureand solidification processMicrostructugl
features in LAM are related to thermal gradients, cooling rates and melt pool tempdtaheemal
vision feedbaclsystem has to be developedacordand process the thermal cycles in real time. There
are severatlevices available to capture the thermal history, including thermocouptesygters and
infrared camerad€tach of these instrumenissuitable for a spédfic application. The selection of an

appropriate device for capturing the current feedback signal is of crucial importance.

There are many parameters involved LIAM, which makeLAM a complexprocess.These
parameters result in several physical phenomena, which govepnatess.The output ofLAM is
composed of many factors such as microstructaggness, clad geometry including clad height,
width, angle of wetting, and cross sectiopaffile, craks, pores, dual stresses and diluti¢hy]. It
is essetial to know howthese input paragers df ect the output parametefgure 1-3 summarizes

the inputs, outputand process parametehat are present in the LAM process.



Inputs Processes Outputs

Laser Motion Device Physical Cl“fi
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® Powder size profile
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Ambient Properties

® Preheating

o Shield gas velocity

o Kind of shield gas

Figure 1-3 Inputs, outputs and process parametersf LAM by powder injection [1].

Therefore, identifying th@roper input parameter for obtaining desired outputs is very challenging.
Every closedoop process requires a series of changing inputs so called control actions to reach the
desired output parameters.dignating the suitable controlling actions is ¢ime most challenging and
significant steps in implementing a closedp controller. After assigning the proper feedbaod
control action signals, an appropriate controlling scheme is reqUitete are several controlling
algorithms available in theorywhich have to implemented and evaluated for specific LAM

applications.

1.3 Statement of Objective and Scope
Themainobjective of the thesis is:
To establish the feasibility of reime microstructure control for the LAM process by gaining

insight into micostructural evolution during laser deposition by means <t real time

monitoring of the thermal process.



In order to reach the aforementioned goal it is required to have a good understanding of the LAM
thermal process and how it affects the microstructasplects of the system. An infraredsed
thermographic system will be developed to monitor thermal cteistics such as the cooling rate and
melt pool temperature in real time. Experimental analysis will be held to correlate thermal variations
with microstructural evolutions. The system identification process is limited to general experimental
investigatons on a stainless steel powder. Finattyijmplementa real time microstructure control
scheme for the LAM process, a PID cafiggr is designedo control the cooling rate in real time to

develop consistent desired microstructures.

1.4 Thesis Overview

The tesis is divided into six chapteiGhapter 2provides a review of the literature related to this
research topic to identify the contriilmn of this work. The background of microstructure analysis,
phase diagrams and thermal control are also discusspdrimental setup and data acquisition system
is discussed i€hapter 3The experimental results of microstructure analysis and closedcontrol

are discussed irfChaper 4 and Chapter 5 respectively The final sectionChapter 6 presents
conclusions anduture perspectives of the research.



Chapter 2

Literature Review and Backgroun

In this chapter, the existing literature and background on laser additive manufacturing technology is
reviewed. It continues with description on the thermal characteristics of thespraied their effects on
microstructural evolutionsThe employment of variouhérmal sensor§or process monitoring is
studied. Finally, phase diagrams and solidification processing applicablelaser additive
manufacturing are discussed and reviewediail.

2.1 Laser Additive Manufacturing

Laser Additive ManufacturingLAM) is a collection ofaser technology, computaided design and

manufacturing (CAD/CAM), actuators, sensors and control, and powder metdlatgyreats parts

in a layerwise fashio. The technology owes its existence to the discovery of lasers in[Zp6lhe

term Al asero is an abbreviation fHhoof ARadhat Ampbi f
ability to emit light coherentlyallows a laser tgroduce high power beams, which can be focused on

afine spot. This characteristic of lasers, enablggslicationdike laserwelding, laser cuttingndLAM .

LAM was firstintroduced in 1971 b¥iraud[8], which proposed a powder process that has the
features of modern powdéased direct deposition ads#i manufacturing techniquedowever,the
material used in Ciraudds exper i-maallitcpaticleseCne parti a
of the first approaches towards laser additive manufacturing of metallic components was conducted in
1982 by Bown, Breinan and KedB] at United Technologies Corporatiofihey proposed a method
for the production of bulk rapidly solidified metallic articles of nrat shape, by depositing mple
thin layers of feedstock using an energy beam to fuse each layer onto a substrate. The Yemsistock
the form of metal powder or wirApart from rapid prototyping applications of LAM, other applications
such as laser surface treatment and lasedditlg received great attention from researchers.
Gnanamuth{l0] and Seamafil]i nt r oduced application of | asers in
Later i n t[IRase8 thidnsethodBbevelap a laser cladding process, which falls under the
LAM techniques.

Since the first applications dfAM were introducedor metallic parts there havebeen great

improvements and modifications in the procelgny research groups around the globe have



conducted research on the topithe following are some of the most important LAM processes

developed by differenesearctgroups

T AAutomated Laser Fabricdfiono at University
fiLaser Engineered Net Shapdngt Sandia Nationdlaboratorieg13]
ADirect Met al Depositionodo afi4University of |
fiLaser Based Mnufacturing at University of CambridggL5]
fiDirect Laser Manufacturing at Georgia Umyversity of Techn
fiLaser BeanBased Additive Manufacturing ProcesSesat Car n[géyyi e Mel | on

AiLaser Di r eloiversity afdiveipoolffld] at

=A =4 =4 =4 =4 =4 =4

AAddi ti ve Manuf aratunbhafer InstituteAdr Machkine Toel® andRorming
Technology IWU

ADi rect Light Fabricationgl8at Los Al mos Nat |

AFreeform Laser Consolida[il99 ono at Nati onal |

ot

Laser Addi t i vtPenkbglvaniad State Universitn g 0 a

= = =2 =4

=}

LaseRapid Manuf act ucCantergooAdeancedRachnalogkRa ma nn a
T ALaser Assisteidndataetridhi Peosiesy of | I 1 inoi s
1T ALaser DirecdnddedtalUrDieweorssittiy of Manchester
T ALaser Claddingd [@3 University of Purdue

A wide variety of different aspects the LAM process has been investigatgdhe above research
groups. These aspects inclugeocess modelinggontrol and automation, optimization, system
identification,hardware and softwaietegration, metallurgicand mechanicalharacterizatiowf the
processThese indepth researchreas have resulted in several system manufacturers and developers

in the LAM industry.Some of the most important commercialize€M systems are:
1 TruLaser Cell: Manufactured by TRUMPR1]

9 Electro Optical Systems GmbH (EOS)



1 Concept Laser GmbH Manufactureshe patented Las€@USING® method[22]

1 Optomec: Commercializeghe Aerosol Jet technology and Laser Engineered Net Shaping
process(TM) (LENSP) developed aBandia National Labg3]

1 DM3D (POM): Commercialized the DMD technolod4].
1 BeAM: Developedhie CLAD® procesg25].

The primary goal in all the above systems is to build metal parts with desired mechanical and
metallurgical properties for functional prototypes and products. In 3D laser additive manufacturing, a
large number of parameters govern the process; they as#@iserio environment variations and
significantly influence each other as wdlls shown inFigure 1-3, these parameters are categorized
into three groupg$l]: (1) input parameterdaser, motiondevice, material, feeder mechanism and
ambient propertigs(2) process parametdphase transformation, thermodynamics and heat transfer)
and (3) outpuparameters (mechanical and metallurgical clad properfias)input parameters define
process paraaters, and the final outpparameterare also governed by the procpasametersThus,
there is greainteraction and influence between each and every one of these paradeserall
disturbance imneof theparameters, from the environment or frora thsemmaterial interaction itself
may result in defects in thmechanical and metallurgical properties of the .Cldtk complexity and
disturbance of the LAM process has been the main challenge for engineers over the past few decades.
Therefore, understaling the dynamics, monitoring, and controlling the |lashtitive manufacturing
process are necessary to achieve a good manufactured part in terms of metallurgical and mechanical

properties.

In order togenerate a good controlling technique, itésessy to know the main output parameters
of the process that define the final product. Clad geometry and microstructure are the two significant
output parameters that define the mechanical and metallurgical properties of the deposition. In
applications like aipid prototyping, the height, width, depth of penetration and dilution of the clad are
of most i mportance. These dimensions are directly
properties such as; bonding, hardness, wear, residual stresfpcnaaton and surface roughness, are
the main subjects of attentiam parts and repaigoating,mold making and manufacturing industries
These properties are a function of the output microstructure after the solidification process. Hence,
understandingnicrostructural evolutions and geometrical variations inside the LAM process, and

controlling them is an essential need.
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2.2 Microstructural Evolution in Laser Additive Manufacturing

Deposition microstructure plays an important role in the LAM processatipdue to mechanical and
material property requirements in the finished parts. It is of great prioritptain a consisterand
desirable microstructutte the successfapplication of process¢26]. Thus, prediction athcontrol of

the major process outputs such as the cladding microstructure and geometry, are a necessity.
Microstructuremodeling and controlling technique$ the LAM process areategorized into three

groups: (1) experimental analysis, (2) analyticalysis, and (3) numerical analysis

The majority of the research available in literature for LAM microstructure modeling and control
belong to experimental analysiShere arecomplex norequilibrium physical and chenal
metallurgical process involvedm LAM, which exhibitmultiple mode®f heat and mass transfaw]i
[30], and even chemical reactiof&l], [32]. Thus,obtaining anexact analytical or numerical model
for the microstructure ibard to achieve

2.2.1 Microstructural Evolution in Stainless Steel Depositions

Microstructurs of numerousmetallic compositionshave been studied in several LAM works
Stainless steel compositions are one of the most widely used materials inAuskénitic stainless
steels, sch as AlSI type 316, are particularly interesting for LAM because they are relatively expensive
to be machinedCorrosion sensitive grain boundarer® also a result of welding different type of steels
[33]. Near net shaped structum®duced by LAMsave a great amount ofaterial lossand decrease
waste of expensive metals such as Ni, Cr andRdpbengineering applications, AlISI 316 steel presents
outstanding integranular corrosion resistance, good grain corrosion resistance to most chemicals, salts
and acidswhile higherMo content helps increase resistaircenarine environmentf84]. AISI type
316L,which is he low carbon version of AISI 31, virtually immune to sensitization (grain boundary
carbide precipitation)35] and are especially suitable for in vivo applicatif86]. Current applications
of thetype AISI 316 Lprocessed by AM are: dental caps; ultrlight structures and channels for

aircraft, automotive, and medical industries; thiralled assemblparts; and chirurgical devices.

Ultimate tensile strengttyield strength and total elongatiaf 316 stainless steel depositinmere
evaluated by KeichdB7] in Lase Engineered Nett&ping (LENS) Pinkerton et al[38] studied the
connections between input parameters and final material properties and surface finish in laser cladding
of stainless steel 316L. David et 9] determiné the effect of rapid solidiéation on the weld metal

microstructue of austenitic stainless steels astddied itsimplication on theferrite constitution
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diagram.Zhang et al[40] analyzedmicrostructure and properties of laser direct deposited Gif3ec
alloy and 316L stainlesazumder et a[41] studiedthe microstructure and mechanical properties of
H13 alloy deposited byirect Metal Deposition (DMD) Surface finish in laser solid freeform
fabrication of an AISI 303L stainlesdeel thin wall was verified by microstructural examination by
Alimardani et al[42]. Abd-Elghanyand Bourel[43] studied the effect of layer thickness and speed on
structure and selected properties of low cost feedstock 304L stainless steel fabricated by Selective Laser
Melting (SLM). Delgado et al]44] found out how scanning speed, layer thickness, and building
direction, as process parameters, affect ghg quality and mechanical properties imin-based
products manufactured IBirect Metal Laser SinterindMLS) and SLM technologies:urtherwork

on selective laser melting of irdrased powders was conducted by Kruth ef4&], in which they
studied the effect of pulsed peak intensities on microstructGuest al[46], [47] studieddirect metal
laser sinteringof AISI 316L powdes for the preparation of porous components. The processing
conditions, microstructural features, and mechanical properties of Bviicessed porous metals
wereassessed and the formation mechanisms of pores were elucldagedl. [48] later fabricated
316L stainless steel samgpivith agradedporous micretructure alonghe speed gradient direction.
Yasa and Krut49] investigatedthe influenceof laser remelting on microstructure and density of
SLM 316L stainless steel parf&here have also been investigations prisducing novel stainless steel
alloys in SLM by consolidating316L and 174PH SS powder mixturesnd evaluatingtheir

microstructurevariations

2.2.2 Microstructural Evolution in Titanium Alloy Depositions

Apart from stainless steglaterials titanium and its alloys have also been an attra&itek of study
in the LAM industry because dheir lightweight, high strength properties and excelleritavéor at
high temperatureobryn and Semiatif60], investigated the relationships between LAM processing
parameters andii 6Ali 4V microstructure, obtaining processing maps for the prodasmndl[51]
investigated and discusséite morphology, microstructure, chemical composition, and hardness of
additive maufactured Ti6Al-4V blocks Emamian et al52]i [55] studied the effects of processing
parameters and combined laser process parameters on microstructural evolutionsi©f Fe
composition.They also analyzed trdbogy characteristics of the FEC depositionas afunction of
microstructure and morphologilingbeil et al.[56] showed thaprocess variab&(beam power and
velocity) can varythe microstructuraignificantly throughout the depth of the deposit, and that under

high power conditions a transition from columnar to mixed columnar andveglistructures is

12



possible The effect bfree-edges on melt pool geometry and solidification microstrudtasealso been

considered57].

There are also several numerical modelapproaches towardaser additive manufacturing of
metallic alloys to correlate microstructural evolutions with process varidbR&ess mappings one
of the most widely used terms tlnota mapping of process outcomes in terms of process variables
by means ohumerical results for single processes, usually in terms ofdimansional quantities.
Early workin process mappingddressed the modeling and measurement of residual stress in metal
and polymerdeposition SFF process¢s8]i[61]. In the work on transient melt pool response,
numerically determined melt pool response times are used to establish a lower bound on the response
times of thermal feedback control systems for LERMS.

The first attempt t@redict and control microstructure in laser deposition procdsssed orthermal
conditions at th onset of solidification was carried out by Bontha and Klindb&] in 2003.Early
studies in the literatuf®2]i [66] empbyed the Rosenthal soluti¢®7] for a moving point heat source
on an infinite substrate to identify the dimensionless process variables governingl tenditions in
laser deposition proces4é2]. Bontha and Klingbeil62] extracted cooling rates and thermal gradients
at the onset of solidifation numerically from the Rosenthal solution throughout the depth of the melt
pool, and developed dimensionless process maps for botvalliand bulky deposits. They obtained
solidification maps for FT6Al-4V, which provided insight into the effeatfprocess variables on grain
morphology.Cao[68] develogda process model of microstructure evolution by utilizing a pfiakk
method. Different solidification morphologies of different locations in the melt paeke also
investigated. It was found that it is not the mass transfer but the heat transfermmelt pool that

dominags the solidification proce$88].

2.3 Thermal Control in LAM

The mechanical properties of the deposited material are dependent on the solidification microstructure
(grain size and morphology), which is controlled by the thermal conditidhe ahset of solidification

[50]. The grain morphology, grain size, and texture that rdsaoth solidification are controlled
primarily by the thermal conditions that exist locally at the start of solidification, whilerteadale
microstructure is agrolled primarily by the possolidification cooling rat¢50]. The thermal process

in laser cladding is an indicator of microstructure and mechanical properties, clad quality and dilution.

Thus, measuringhe real time thermal conditions of the LAM process is of significant importance in
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predicting and controllinghe deposition microstructurélowever, real time measurements of the

thermal process is a great burden in LAM, due to the very fast solidifigates present in the process.

Temperature is a measure of the average kinetic energy of the particles in a sample of matter expressed
in units of degrees on a standard scinperaturean be measureéd many different ways that vary

in application,equipment cost and accuracy. The most common types of sessdfer temperature
measurement in LAM are categorized as:

1 Thermocouples:Thermocouples are the most commonly used temperature sensors bécause
their relatively low prices yet accurateoutput that can operate over a wide range of
temperaturesA thermocouple is created when two dissimilar metals touch and the contact
point produces a small opeircuit voltage as a function of temperatuféghe changing
temperature ahe junctioninduces a chage in electromotive force (emf) between the other
ends. To obtain temperaturethe thermoelectric voltages calculated and usedhere are
different types of thermocouples according to American National Standards Institute (ANSI)

conventions. The most canon types of thermocouples include B, E, K, N, R, S, and T.

1 Pyrometers (thermometers} A pyrometer or thermometers shown irFigure 2-1, in very
simple terms, consists of an optical system and deteltierenergy emitted by an objeist
focusedonto the detectdny means of an optical systemhich is sensitive to radiatioifthe
output of the detector is proportional to the amount of energy radiated by the target object and
the response of the detector to the specdlibratedradiation wavelength§he emisivity, of
the object is an important variable in converting theéecier output into araccurate

temperature signal by using Planckds | aw of
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Figure 2-1 Pyrometer [69].

Infrared pyrometers, by specifically measuring the energy being radiateaifroivject in the
0.7 to 20 micron wavelength range, are a subsetdifittan thermometers. As opposed to
thermocouples hiere is no need for direct contact between the tiadighermometer and the
object Radiation thermometers are suited especiallijgarieasurement of moving objects or
any surfaces that cannot be reached or can not be tosgblecighe substrates in the LAM

process.

The benefits of radiation thermometayso come with some major draw back&ven the
simplest thermometers amore expensive than a standard thermocouipladdition, the user
requiresto know the emissivity of the object beingeasured, whereas, emissivity of several
materials at several temperatures is unkno@mn.the other hand, measurement regions of
pyromeers are limited to point measurements only. Thus, the user can only measure one

measurement point at each sample time.

Infrared Cameras(IR-camera) AnIR-camerds a device that forms an image usinfyared
radiationas illustrated irFigure2-2, similar to a commowamerathat forms an image using
visible light. Instead of the vzix v gt drange of the visible light camera, infrared cameras

operate invaveengthsas longasp Tt m&t@a p 1 & 8
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Figure 2-2 Infrared camera [70].

There are two types of cooled and uncooled infrared detetiaroled thermal camerase

operated by sensoranatambienttemperatures or controlled close to ambient temperatures
Modern uncooled detectors all use sensors that work by the charggstdncevoltageor
currentwhen heated by infrared radiation. These changes are then measured and compared to
the values at theperating temperature of the sensor.

IR-cameras have all the advantages of a pyrometer including some major features, which makes

them a suitable choice for industrial applications such as Lhltke pyrometers, which can
only take point (single pixel) @asurements, HRameras can measure an area of interest (image
pixels). This feature enables {Bameras to provide greater information on a region of interest
rather than a point of intere®tith this additional advantage, the temperature history ofea fix
point in space can be measured in consecutive images of an IR image;amvimniohbe achieved

by a pyrometer Hence, real time measurements of melt pool temperature and solidification
cooling rates in LAM is easily applicable by-tRimeras, whereas, yneters are only able to
provide information on one single point, usually the melt pool temper&@urthe other hand

the problem of emissivity and cost still exist for¢Bmeras as well.

The temperature of the melt pool in LAM high enough to geneeathermal infrared and visible

radiation. @nsequentlyr adi at i on pyr o me adiagon lavsis thegmogdt toavier® | an k 6 s

method for measurinthe LAM thermal procesg/1]. According to previous studies by [42] and

Meriaudeau[73], sincemost materials usesh LAM have melting points greater th@ 1t 3t, the

wavelengtiregion of inteestfor the LAM thermal procedges betweermg( andp 4 &, the part of the

electromagnetic spectrum in which most radstnc surface temperature massments are mad&he

16


http://en.wikipedia.org/wiki/Electrical_resistance
http://en.wikipedia.org/wiki/Voltage
http://en.wikipedia.org/wiki/Current_(electricity)

sensoroutput is based on the melt pool radiation, and consequaepigndentpon the melt pool

temperature, shape, size, ahd distance to the sensoryvesll asthe sensoviewing anglg74].

Thermd gradients in LAMaregoverned by solidification characteristics of the procksdd is a
solidification gocesswhich is very similar to processes like casting; however habramicroscopic
level. Most fundamental solidification studies report that the microstructure evolution is a function of
the temperature gradientQ( and growth ratedf) ahead of the microscopic solidification front.
According to experiment§f5], [76] and tleoretica[77] analysisof solidification,the primary dendrite

arm spacingf a solidified producis formulated as below

_ 00w (2.1)

where_ is the primary arm spaciniis the average temperature gradient in front of tigesfdrite
in liquid side,wis average solidification velocity, agd, & and¢ areconstantsRegarding the second
dendrite arm spacing, the megtely accepted exgssion fothe relationship between and cooling
rate (Ogwas proposed by Cahn and Haastsi:

- 06 Ow (2.2)

where 0 and¢ are constants. Little is known about what controls the constabut itappears that

it becomes smaller as the temperature interval between liquids®kohas increases.

Thus, understanding of t h efinal midroatitudtucahasd physisal b et we
characteristics and conditions of solidificatiorLAM requires knowledge and control of the melt pool
temperature anohore importantly theooling rate.

2.3.1 Melt Pool Temperature Analysis and Control in LAM

Early reports @ monitoring systems using pyrometgf9]i [84] indicate their feasibility in observing
changesn LAM and their application to reéime process control; they also highlight the complexity
of the process.Since most measurements in LAM weseordedwith pyrometers which can only
measure point during the processhe majority of the research availabteliteraturebelongs to melt

p00| temperature measurements.

Griffith et al. [85] where one of the first to apply thern@ntact and imaging techniques to monitor
the thermal signature during LENS processm999 A fine diameterg 11 @ C-typethermocouple

was used initialljto measure melt pool temperature at diffeqgadgses of a hollow blod85]. They
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also correlated residual stressldrardness of H13 steel with the therimathavior of the LAM process.
In-situ temperature measurements were later performed during LENS processing using a digital
infrared camera and high speed visible data imaging. However, no correlation was obtained for

microstructural evolutions with the thermal behavior.

Bi et al.[86] investigatedhe wholeLAM thermal cycldor AISI 316 during the deposition of thin
walls with a germaniurbased thermometefhey measured the melt pool temperature in real time and
observed thavariation of the melt pool temperature and cooling rate resultiiniension error,
inhomogeneous microstructure and hardngss of original pyrometers angpecial diagnostic CGD
camera were appliday Doubenskaia et gB7] for monitoring of Nd:YAG laser cladding with coaxial
powder injection and otfine measurement of cladded layaelt pooltemperatureThey observed
instabilities in the cladding zone with aidlimensonal pyrometerbecause of varying operating
parameters (powder feeding rate of MZG/Stellite) In a later stug Doubenskaia[88] ran a
comprehensive optical diagnostioa CO2 laser using a pyrometer andiafnared camera. They
studied variations of brightness temperature measuredebgyttometer in the zone of laser impact

versus lasetladding parameters.

Two types of hihp-temperature thermocouples-fgpbe and Rtype) were successfully utilized to
measure the thermal cycle and the temperature distributions for laser cladding prétess al[89].
The cladzone temperatures under various processing conditions were betvgeentiandp ) T8I
Hua et al.[90], developed atemperature measurement system sng a twecolor infrared
themometer. The influences of laser processing paransieraspowderfeed rate, scanning velocity
of laserbeam,laserpower, spot diameter, shielding gas flow rate and powder feeding posiien
investigatedon the temperature of molten po#l.relationship between the molten pool temperature
and the cladding thicknessawalsoconstructedy Hua et al[90]. Lhospitalieret al.[91] calibrated
thermal imaging of aharge coupled device camera equipped with infrared fiitees set of tungsten
(W5-type) thermocouples.Hey measured theemperature distribution in the Wdepool and neathe

melted zone.

Peyre et al[92] developed dhreestep analytical and numerical appch to predict the shapes of
manufactured structures and thermal loadings induced by the DMD prddess.results were
confirmed by comparisons with experimental thermocouple data and fast camepaohed#icording.
A two-dimensional thermal model wasesented by Wang et dP3] to predict the temperature

distribution in the deposited metal for 38 during the LENS proceas a function of time and pess
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parametersThe relative sensitivities of the thermal profiles and the molten pool size to the boundary

conditions andaser powersvere illustrated93].

Zahng et al[94] investigated thénfluence of thermal history on the microstructures and properties
of a multilayer stainless steel 410 (880) thin wall built by laser direct metal deposition (LDMD)
process investigated experimentally and numeric@tg results indicated that thermal history had an
important effect on the microstructure, and consequently on the final projpedjiegasudevaret al.

[95] carried out eattime monitoring of the weld pool using infrared thermography duagtungsten

arc welding (GTAW). Temperature priE$ were measured on the plates using thermocouples in
combination with IR thermography to determine the aiwisy of the plate surfac&or 316LNstainless
steelweld joints, IR thermal signatures were acquired for various weld defects, such as lack of fusion,
lack of penetration and tungsten inclusions, fee @as reference signatures forlioe monitoring

during GTA welding95].

Few researcligroups havémplementedclosedloop controllers to contrahe melt pool temperature
in their cladding proces§ong and Mazumdg®6] presentech model predictive control system that
controls the melt pool temperaturd. dualcolor pyrometer was used to monitor the melt pool
temperature.The compensatiorior the lack of deposition with the closémbp controller was
demonstrated by cladding on a stepped surface. The controller successfully compensated for the lack

of depogtion by adjusting the laser power during laser cladding process.

Salehi and Brandf74] developed aPID-basedcontroller to monitor and control melt pool
temperature during laser diding. The quality of clad layer in terms of its dilution and the extent of
HAZ was investigatedand it wasshown that control of temperature alone will not produce desired
cladding resultsThey indicated thatontrolling the melt pool size with anothgperating paraner i
such as translation speed is alsguieed to effectively control the process and quality of clad layer
under a wide nage of operating conditiorjg4].

2.3.2 Cooling Rate Analysis and Control in LAM

Although, there are numerous reports available in literature on melt pool temperature measurements,
there are very few researchers who haportedin-situ cooling ratemeasurements in LAMGriffith
andHofmeister[97] used thermal imaging and metallograpfmnalysis to study Laser Engineered Net
Shaping processing of 316 stainless steel and H13 tool Atdekbit digital chargecouple device

(CCD) camera was used to measure the radiant intensity from the sappleéraéithrough the laser
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focusing objectie. Thermal imaging was used measure the temperatures, gradients anihgaates
around the melt pool with aoffline algorithm However, they97] found itimpractical to measure
cooling rateswith the themal imaging system in real tingue to complexities of the proce§he
lengthscale of the molten zone controlzsoting rates during solidifid@n in direct metal deposition.
Griffith et al. [97] reportedcooling rate values ranging from Tizp T oIt at the soli-liquid

interface for molten zone ranges from® & & in length top® & &.

Wanget al.[98] characterizede thermal behavior of the LENS process fod3@ single wall build
by using a twewavelength imaging pyrometelt. was found that the maximum temperature in the
molten pol is appoximately 1600°C. They calculatedhaaximumoffline cooling rate in the liquid
solid interface in the order @f T3 i . It was observed thahé molten pool size and cooling rate

significantly depend on the travel velocity and the laser power.

Yamashita et a[99] developed a novel temperature measurement method during laser welding by
using two highspeed cameras and a tawlor thermometry metho@oth temperature distribution and
historyweremeasured preciselythbugh the cooling ratevasquite high during laser welding.

Yu et al.[100] used two kinds of methods on temperature measurdoreAtS| 304 (1) reattime
tracking for online measurement of the melt pool, in which the sensor nayeter with the laser
head and aimed at the molten paahd (2) fixed-point monitoring for offline measurement of the
cooling rate,n which the sensor aimeat the midpoint of the track without movinghey analyzed
multi-layerdepositions on a wallhe cooling timedecreased with decreasing the powder feeding rate
and increasing the laser powedastanning velocity in single layer deposition process. In faylédr

deposition process, tle@oling rate increasedith increasing the number of the deposition layers

Tothe authdd s k n otheleard goereports available in literature on cldsed control of the
cooling rate.There have been a couple of attempts to monitor the cooling rate in real time; however,
none were successful. In fact, there are various reports in literature that have indicajeshthe
difficulty of real time cooling ratealculations in LAM due to the high melt pool temperaturetaad

rapid solidification process.

2.4 Solidification in LAM

Since LAM is one of the many solidification processes available in the industry, understanding the

theory of solidification plays crucial role inpredicting and controlling thprocess. Solidification
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conditions determine the clad microstructure and should be a determining fagtoediating

morphology patterns.

The LAM process delivers a localized heat source and short interdictie. Thus, there areapid
solidification rats, which are mainly caused by heat conduction of the clad and sub3tiate

solidification rate can be formulated as beld

0 WoE+ (2.3)
wherew is the solidification ratepis the scan speed ands the angle between the substrate motion
and the normal vector of the liquid/solid surface at a particular ploing #he solid/liquid interfacas
illustrated inFigure 2-3. The solidification rate is zero whenis w 11 (&t the substrate interface) and
equal to the substrate motion speed (maximum) at the top of thd k&x@fore, low cooling rates are
expectd at the clad substrate interface, and a high cooling rates on top of the clad.

Figure 2-3 Scan speed and solidification rate vectors.

Since the laser provides highly focused heat, it causes high logarnres in the melt pool region,
and thus a large positive temperature gradient can be expected in the clad. This temperature gradient is
maximal on the clad/substrate surface andmmahat the top of the clgd].

To obtain quantitative expressions for the solute distributions, a quantity known as thenpartitio

coefficient,Q is used:

q 0
5 (2.9)
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in whichd and0 are the concentrations at the solidus and liquidus phases at a given temperature.

This ration determines the extent to which solute is ejected into the liquid during solidification.

During the solidification of an alloy witpartition coefficient less tma1(Q p), solute atoms are
rejected in front of the solid/liquid interface. The concentration of the solute increaséseusnilution
reaches a steady state conditibmthis steady state, the freezing temperature ahead of the liquid/solid
interface is determined by the composition of the liquid (the liquidus line). If the temperature near the
liquid/solidinterfaceis equal or greater than the liquidus temperatufégifre2-4, no constitutionally
supercooled region exists, preventing dendrite formation and creating planar growth. The minimum
temperature gradient which causes planar growth is the critical temperature gi@dikrihe real
tempeature gradient is greater thad, planar growth is stable. If the actual temperature gradient is
lower thanO, the growth of protrusions may occur in the molten pool in a cellular or dendrite form.
Since the temperature gradiemtthe molten pool of the clad decreases from the bottom to the top of
the clad, various degrees of constitutional supercooling are possible throughout the thickness of the
clad melt pool. Since both the temperature gradients and the solidificatioamateith distance in the
melt pool, solidification conditions can vary significantly from the bottom to the top of the clad.

VN

Temperature

Liquid Phase

Solid Phase

»

Distance
Figure 2-4 Constitutional under cooling at the solidliquid interface.

2.5 Phase Diagrams

Stainless Steel (SS) type 316L and 303, which are well known austenitic stainless steels are the primary

materials in this research due to their broad applications and known microstructure. The binary and
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ternary diagrams of austenitic steel willgresented in this section. These diagratastify thephases
expected to appedior different material compositions and temperatudghough, LAM is a non
equilibrium process, phase diagrams are useful guides to interpret and estimate the finalafutmme

process.

2.5.1 Iron-Chromium-Nickel Ternary Phase Diagram

The FeCr-Ni ternary system provides the basis for predicting microstructure and primary modes of
solidification. Since most commercial stainless steel are compod€&&fwt% Cr and &0 wt% Ni,

their compositions are limited to the-Feh section of the ternary diagraifhe liquidusand solidus
surface of the system can be represented by a series of isottsesimswvn ifFigure2-5. Note that the
liquidus surface exhibits a single, dark line that runs from near thieh-apex of the triangle to the
Cr-Ni side. This line separates compositions that solid as primaiteféabove and to the left) from
compositions that solidify as primary austenite. At approximately -48@li-8Fe, a ternary eutectic
point exists Alloy compositions lying on the @ich side of this line will solidify predominantly as
BCC\ -ferrite while those on the Nich side of this line will solidify predominantly as FQC

austenite.

The solidus surface exhibits two dark lines that run from near thieliFapex to the GNi-rich side
of the diagram. Between these two lines the austenite ante fendes coexist with liquid justbove
the solidus, but only with one another just below the solidus. This region separates the ferrite and
austenite singlphase fields belw the solidus. Note that thefines terminate at the ternaeytectic

point. Arows on these lines represent thectionof decreasing temperature.
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2.5.2 Chromium-Nickel Binary Phase Diagram

If a constat Fe section of the ternary phase diagraexisactedrom the liquidus to room temperature,
a pseudobinary FEr-Ni phase diagram can be generated. As shoviguare 2-6, the ternary phase
diagram FeCr-Ni has been cut at 70 wt% Fe and at 60 wt% Fe cross se@iogsthis is a ternary
system, the phase fields exist in three dimensions, resulting inphase fields that cannot ocaur

a standard binary phase diagram.

A small triangular region exists between the solidus and liquidus lines in tNé liinary phase
diagrams. This is the thrgghase austenité Y + ferrite{ ) + liquid region that separates alloys that
solidify asaustenite (to the left) from those that solidify as ferrite (to the right). In the solid state, the
ferrite is stable at elevated temperature at chromium contents greater than 20 wt%.

As thetemperature decreases, this ferrite walnsform partially to astenite in the range 20 to 25
wt%. Alloys that solidify as austée (to the left of the threphase triangle) remain as austenite upon
cooling to room temperature. Alloys that solidify as ferrite at compositions just to the right of the three
phase triagle, must cool through the taghase austenite + ferrite regiofhis results in the
transfomation of some of théerrite to austenite. At compositions farther to the right of the triangle
(higher CINi ratios) ferrite will becoméncreasingly stable, uihtultimately a fully ferriic structure
will exist toward the far right side of each diagram. These diagrare used i@hapter 4o explain
the phase transformations and microstructure evolutiaejosition ofthe austeniti@16L stainless

steel.
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Chapter 3

Experi ment al Setup

3.1 Introduction

An automated Laser Additive ManufacturifgAM) system is composed of several higbh
instruments. The main components are a high power laser, powder feedeaxerItNC machine or

a robotic arm, nozzle and an intelligent controller consisted of data acquisition systems and sensors. In
this chapter, the LAM setup configured in thatdmated Laser Fabrication (ALFa) lab at University

of Waterloo will be described. The chapter begins with information provided on infrared imaging
technigues and devices. Different programing techniques and acquisition devices are addressed in full
detail Finally, a closedoop thermal feedback control system is developed and discussed based on

thermal information acquired by thermography techniques.

3.2 Experimental Setup

A schematic view of the state of the bM apparatusised in this researdéhillustrated inFigure3-1.

Thermal Image Feedback

Infrared }
O
Camera / Ep
QD
9=
CCD Image Feedback g 3
Nozle o

| / ! CNC Travelling Speed Feedback

—

Realtime
Operating Systerr

Controlled 11

Closedloop CNC
Travelling Speed
Response

Figure 3-1 Experimental setup in Automated Laser Fabrication (ALFa) lab.
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Eachpiece ofequipment is described briefly as follows.

A.

High power laser: An IPG fiber laser YLR100GIC operated in continuous mode with a
maximum power op® Quwis utilized as the energy source. The fiber laser operates under a

wavelength op 1 x¢

. Powder feeder:A Sulzer Metco TWIN 16C powder feeder with twp® 0 hoppersareused to

control the powder mass feed rate and the flow of argon shielding gas. The feed rate and flow
rate are controlled manually using the onboard controllers installed on the systéde. range

of particle sizes can be sprayed at feed rates varyingdréfiac 'Qéo p v @a Qe

CNC machine: A 5-axes CNC machiné used as the positioning device. Two additional
rotational axes were installed on-a&s Fadal VMC 3016 to produce tteguired motions. The
CNC machine and its axes are illustrated-igure 3-2. An additional moving axis was also
installed on the laser head, verticalligaing the head in order to control the laser spot size on

the substrate.

Nozzle: The powder i$ed through a lateral nozzle onto the substrate with input diap®#téra
and output diametes® & &. The nozzleis installed on a mechanism with four degrees of

freedom, providing good positioning for focusing the powdéo tre laser beam spot.

Reaktime operating system: Online data is acquired and processed using a National
Instruments (NI) real time platform ahdbview. An NHMAQ module is utilized to grab images

from the Infrared (IR) and Charged Couple Device (CCD) cameras as input signals. The CCD
images are acquired by an NI PCI09(NI-IMAQ) and the IR images are acquired separately
through an imaging cardeveloped by Jenoptik. An NI Motion module is installed to apply
controller signals to the system. CNC travelling speed, laser power and laser spot size are
controlled using an NI PE€1340.
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Figure 3-2 5-axes CNC machinased as the motion device in the setup

Referring toFigure 3-1, the process starts when the laser produces a laser beam with the desired
power. This beam is transferred to the laser head installed on the CNC machine through the fiber optics.
The laser bam is then shot on to the substrate producing apoeltwith a desired spot diameter. As
the beam heats up the mattol the powder feeder sprays the required amount of powder onto the melt
pool, also feeding argon shielding gas to prevent oxidationn\ilie powder stream is fed into the
melt pool the powder particles and a thin layer of substrate are melted. The CNC machine moves the
substrate, producing a desired trajectory of the deposition on the substrate. Due to rapid cooling rates
and localized hat zones, a strong bonding is formed between the deposited layer and the substrate.

During the process, the IR and CCD cameras capture images of the process at high frequency rates
and send them to the NI IMAQ module for image processing and analysisnages are analyzed
and processed ieal time byLabview. A controller monitors the signals and generates a desired control
actionfor the CNC table feed rate, laser power or laser spot size. The NI Megiainollermodule is
used to send the controlliragtion commands to the system in order to produce the required motions

for the desired output.

3.3 Infrared Image Acquisition System

Many material and mechanical properties ofdbposited layeaire related to solidification and thermal
properties of the LAMprocess. To antrol these properties during solidification, a great amount of

thermal information is required from the melbol and its surroundingg\s discusseckarlier in
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Section2.3there are a variety of devices available to capghee¢hermal history of a procestowever,

only acertainnumber of these devices are applicable to the LAM pramesdts applications

Contact temperatummeasuring devices such as thermocouples are not able to capture reANime
melt pool temperatures since they can only withstand temperatures opup B 1(R- and S type).
In LAM, temperatures inside the melbol reach¢ v ™8 TT0r even higherFurthermore, isce these
devices have to be always connected tartkasuring bodythere are only a few joining methods that
couldwithstandsuch high temperatures without breaking dolraddition, connecting thermocouples
to the substratenay damage the work piec®n the other hand, thermal gradient information of the
LAM process requires multiple point measurements in real time, whereas, thermocouples are only
suitable for single point measurementfius, thermocouples are only suitabte feasurements
outside the melpool thatarenot of high importance.

Pyrometers(thermometers) which are the most common nroantact temperatummeasuring
devices are also not suitable for the LAM process. The more important metallurgical psopeeh as
microstructure and morphology are greatly related to the solidification cooling rate rather than the melt
pool mperature. @ capture the cooling ratef the meltpool in real time constant temperature
measuements of two or more points in mgle frameare required, whereas, i# only posible to
measure one point aframewith a pyrometerThus, pyroneters are not the best optidosthe purpose

of controlling mechanial and metallurgical properties in LAM.

As discussed inSection 2.3 thermal infrared (IR) cameras are another type of-cmmact
temperdure measuring devices. Unlike thermocouples, they do not need tmbected to the work
piece for measurement. Thus, IR cameras are suitable for measuring high tenyiesidier¢he melt
pool with great accuracy. Moreover, due to tif@rdestructive andioncontactnature of the IR
technique there are ndimitations in measurement of differéigeometries and no destruction on the
work piece On the other hand, compared to a pyrometer, IR cameras can provide a thermal image over
a large area in each frame rather than one point measurembicts could only capture theett pool
temperatureHence, crucial thermal information of the LAM process such as cooling rates of different

points can be achieved through IR cameras.

IR cameras have several advantages compareithéocontact and negontact techniquethat are
specfically suitablefor the LAM application These advantaged IR imagingare summarizedas

follows:
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Provides a thermal image, thus temperatures over a large area can be compared
Ability to capture cooling rate and melt pool temperature in real time

Capableof capturing moving heat sources in r&ale with highresponse time

1
1
1
1 Provides thermal information of inside cavities and Hardccess locations
1 Wide range of temperature measurements ¢ 1 T8}

1 Non-contact technique

M Non-destructive method

Consideringhesemany advantages high temperature IR camera was used in the cusetap to
provide thermal imagingf the processA Jenoptik IRTCM 384 camera module is used to monitor the
LAM process. ThdR camera and its specifications ateownin Figure3-3 andTable3-1.

Figure 3-3 Jenoptik IR-TCM 384 infrared camera.
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Table 3-1 Technical data of the Jenoptik IRTCM 384 IR camera.

Standard: 384 x 288
RE Mode: 768 x 576 (optional)
IEEE-1394 (FireWire), SC-Video, VGA, RS
232
GigabitEthernet (option)
WLAN (option)
+1.5K(0°C... +100 °C),

otherwise 2K/ +2 %

Image Resolution:

Interfaces:

Measuring accuracy:

Spectral range: 7.5um ... 14 pm
Standard:40 °C ... +300 °C
Optional: up to +2000 °C
NETD <70mK
with filtering: NETD <30 mK

Temperature measurement range:

Temperature resolution:

The IR cameras connected to theAM setupthrough an IEEEL394 interface. Images were then
captured and procesdby two different software:

1. Vario Capture/Vario Analyzer: The Vario Cpature software saves thermal images in
conventional .jpg format or .irb format, which can later be analyzed using the Vario Analyzer.
However, these software are only applicable for postessing of thermal datand are not

sufficient for reatime processing that is required for control purposes.

2. Labview: Using a toolbox developed by Jenoptik, raw thermal images were transferred to
Labview where they could be processed online duringotheess for control applications.
Hence, using the Labview interface, thermal images were received, analyzed and piocessed

real timeto process input and output signals for the proposed controllers.

Although, IR cameras have all the required characteristics for acquisition and processing of thermal
information during the LAM procestheyhave one minodrawback for the current applicatiomhich
is discussed in the following section.

32



3.3.1 Emissivity

Emissvity is definal as the relative ability ofmat er i al 6 s surface to emit th
having an absolute temperature aboue emits thermal radiationA black body is the most ideal in

terms of emitting thermal radiation, since it absaweary incident radiation regardless afdirection

and wavelengthFor agiven temperature and wavelength,atberbody can emit more energy than a

black body. Therefore, a black body possesses the maxemissivityvalue of one{  p). Black

bodiesare idealizations and no real object can emit this amount of maximum energy. Hiemad, a

bodies have an emissivity value mf - p. The real emission of any object can, however, be
calculated by multiplying the black body radiat:
effectiveness in emittinthermal radiationtheemissivity-. In other words, the emissivity of anjett

is the ratio of the amount of radiation actually emitted from the surface to that emitted from a blackbody

(with the same material) at the same tempergfiQ@).

Although, emissivity- _AY is a constant value for most practical applications, in special materia
and applications it is a function of the wavelength being measuesdi the body temperaturéSnce,
the IR camera only measures the temperature in one constant wavielehgtburrent LAM setughe
emissivity will not change with respecithewavelength. However, the emissivity of metallic powders
deposited during LAM quch asstainless steeknd titanium) are highly dependent on temperature,
especially at the elevated temperatures of the LAM prdgesstt ¢ 11 187). The changef emissivity
with temperaturen steel is attributed to the formation of an oxide layer on the surface of the steel as
its temperature increasg4]. This change of emissivity may lead to errors in capturing théooebi
temperature as high gsttat [105]. To address the difficulty of unknown and changing emissivity,
instrument manufacturers have devised the -wawelength and mukivavelength (Spectro
Pyrometers) pyrometefd05]. These devices capture the emissivity at two or more wavelengths,

eliminating the requirement of emissivity for calculation of real body tempesgature

While emissivity variation is an undesiralpieenomena in IR measurements of the LAM process, it
is not disruptive by any means to the current applications of this research. The main aim of the current
research is to monitor the thermal history variatiohLAM, in order to control theetallurgicalbutput
of the processAs stated earlier irfBection2.2, material characteristics such as métrocture and
morphology are greatly related to cooling rate, which is only obtained through measurement of thermal
variations and not real body temperatures. Moreover, gplying certain type of controlleronly

monitoring variationsn temperaturavill be sufficient Thus,there is no need for information eract
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real bodytemperatures for the specifiontrollingapplicatiors of thisresearchEmissivity changeare
therefore not important in acquiring and analyzing thermal data for the curreritatimh. Hence, an
average emissivity is calculated for the material being deposited and this emissivity is kept constant

throughout the whole proceand reattime temperature calculations.

3.4 Thermography Analysis and Processing Techniques

The IR cameranodule IRTCM 384 capturesnfrared images off Y T ¢ U gixel resolution thaare
collected and processed onlinging Labview A raw image captured durirtgposition of a single clad
line is shown inFigure 3-4. These images only provide temperatures eheqaixel and thus, require
processing and analygis be functional for contra@pplications.

Figure 3-4 Sample of thermal images captured by the IR camera.

Since the proposed controllersispposed to control material properties, it requires information from
output parameters that influence these properties. Cooling rate afidpool temperature were
recognized as the two most importdattors which influence the clad microstructur€hus, &
algorithmis required to extract meftool temperature and cooling rate in real time usi@eghermal
images Figure3-4). Apart from the melpool and cooling rate thermal map of theeighboringpoints

ontheclad line and outsidwill provide additional information of the microstructure evolution.

An algorithm was developeith Labview to obtain the melpool temperature, cooling rate and a
complete thermamap during deposition of singlme daddings from the ravR images showrin

Figure3-4. The data were acquired in a step by step process as follows:
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3.4.1 Finding Melt Pool Temperature

The IR images were grabbed in & bit grey scale format with a resolution of 384288 pixel. As
illustrated inFigure 3-4, the images include two main regions, the dadq which represents the
background or the surrounding of the clad line and the bright area, which represents the clad line and
its melt pool.Since the images are stored in an 8 bit format, each pixel has an RGBfalue; v.v

The intensity of each pixel is directly related to its temperature, the greater the RGB value (the brighter
the pixel) the higher the temperature. To obtain the melttpogperature and its location, the image is
converted into a twaimensional array as shownHigure3-5. The array has a size @f ®@in which

is the total number gdixel rows andis the total number gfixel columnsof the image. In case of

a 384 288 pixelimage, o Yand® ¢ Y.Each elerent of the array has an assigned irqwand
columnay with a position vectorchi , which is shown irFigure3-5. The size of each elemeid, is

equal to the RG®alue of the equivalent pixdBy converting the imagyto an array, one can apply all

the analysis, display and array operators available in Labview to the image data.
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Figure 3-5 Two-dimensional array of the IR image.

The mainapproach to find the melt pool temperature and its location is to consider the setup of the

IR camera and laser beam with respect to each other. In the setup, the laseplaead isn a fixed
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position and the work piece is moved by the CNC table. Rheamera is also installed on a fixed
positionon the CNC machine, experiencing no motion during deposition. The laser beam and the IR
camera are therefore, statiith no motion with respect to each other. Hence,inktantaneous melt
poolvector @ i alwaysremainthe same in the captured images sima# the laser beam nor the

IR camera move with respect to each othie pixel with the maximum RGB vali® , represents

the melt pool.

Theinstantaneousnelt poolvector @ i can be btainedin advance beforéhe deposition,by
rapidly applying an on/off to the laser and finding the position of the maximum eleénenthi
in the image arraySince this location of the melt pool pixel is fixed with respect to the IR camera, it
should also be fixed inside the imagéence, themaximum elementvector measured initially
o h , is assumed to be equal to the instantaneous meltveotdr & i in later images.
As a result, agach image is grabbed and converted to an array, the RGB‘@ahfethe element

located at & h i s obtained and fed through a conver
temperature. This tgperature will behe representative ofh e mel t pod¥.60s temper at ur
While this method is straigfiorward, experiments showed that imaximum elementectorin the

array is not always fixed. Since the whole melt pochamupies a couple of pixeils the image, the

pixel with the maximum RGB value lies inside one of these pielperiments showed thabe

instantaneous maximum element vector h varieswith a tolerance of p pixels with respect
to the initial location &  hA . Therefore, the instantaneous maximum temperature might not
always be located abd ki , whereas, the melt pool temperature should always be the maximum

element of each image. To fix this error and also to reduce noisedsuremas, after theinitial
maximum vector® A is locatedin each imageaw p array of the temperature values of
the initial pixel Y and its eight surrounding pixels is formé@igure 3-5). The maxmum three
temperatures of thiaitial pixel and itsneighboring pixelareextractedand averaged to represent the
melt pool temperature at each imagjkus reducing noise and cagling out any misselection of the

melt poolpixel.

3.4.2 Calculation of Cooling Rate

After the melt pool temperature is obtained, the program has to provide information on the cooling rate.
Figure3-6 illustrates two thermal images attimies 0 ando 0 ¢ finwhichtis the sampling
time and¢ is the total number of sampling times elapsed after initial @mePoint 0 is the
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instantaneous melt pool position that has a fixed position ve&tdt in all the capturedimages.
Pointd is a fixed point on the clad line. At tinte (Figure3-6a), 0 is located inside the melt pool
having a position vecto i with temperaturdY Y. After¢ fsecondsKigure3-6b), pointd
moves out of the melt pool having a new position veaiohi  inside the acquiredimagewith a
temperaturdY. As stated earlier iBection3.4.1and shown ifFigure3-6, the melt pootector ¢
is fixed inside the image arrayhereasthe location of a fixed point , ®h , on the clad line is
moving. The two factors influencing the micrastture at poind are (1) melt pool temperature that
is measured &% and(2) cooling rated . For pointd the cooling rate is defineak
Y Y Y
30 et

(3.1
In Eq(3.1), the only unknown i&Y. In order to calculatéY, the final position vector @ , wh |,
should be known.

According toFigure3-6, the total number of pixels point has traveledromtimeod tod &t is

determinedas follows

. ot 0t E 0ot AilO

’ Q

. ot 0t E 0t OEI (3.2
v Q

in which 0 ) B R0 arethe CNC machinepeed at each sample timel it I8 it , & is the
total number of sample timegis thedimension each pixel occupies the clad line irt &,| isthe
angle of the clad lingd is the total number of row pixels traveladd (0 is the total number of
column pixels traveledAs shown inFigure3-6b, ) and( form a transfer vectory hy  for point
0 , which gives the final location @ , @H , with respect to the instantaneous melt pool pmsiat
timed &t . Since the experiments are held at equal sampling titmest 1+ 1, Eq(3.2) is

summarized as follows:

O 0 E 0 tA1O

0 Q
} b 0 E 0 1TOEI (3.3)
v Q
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Figure 3-6 Movement of a constant point on the clad line in consecutive images.

Since the melt pool pixel has a fixed position at every image it is depicted as the reference point in
the image arrafor obtaining the final fixed poibcation @ f . Whenthe transfer vector isbtained
by Eq(3.3), it is added tche melt pool vectorw i to obtain the curreribcation ofpoint0 :
® w 0
where @h is theposition vectorfor 0 at timed £ tHencethenewlocation whf is
updated aftet sample timeusing Eq(3.3) and Eq(3.4). As @ h is obtained at each step, it is fed

through he convertor block to obtain themperaturéY of pointd attimed & TConsequently, the
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thermal history "Yh"Y h"Y of any fixed poinh on the clade line or outside can be derived using
Eq.(3.3) and Eq(3.4).

The thermal history of a random pointon the middk of a clad line was measurexiperimentally
to verify the algorithm described abowesults shown iffigure3-7 are for a stainless steggposition
that will be used throughout this researh.it can observed iRigure3-7, the cooling of poind has
apseuddinearand nonlinear regiomlthough, the pseudbnear region is originally a stepped profile,
it is interpolated as a linear line below andabthe melt pool temperature for easier interpretation and
analysis.Thelinear section of the solidification process is crucial in determining the microstructure of
a solidifiedregion. Thus, in order to obtain tkeoling rateof the linear regiononly the durationof

the linear sectiom , is requiredand the temperatures forming the nonlinear section are of no interest.
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Figure 3-7 Thermal history of a fixed point | during deposition.

The current program has a sampling tifne 18t @ ¢i vSeveral thermal history measurements
similar to Figure 3-7 were performedo determine the duration of the linear cooling regin
Experiments indicated that the linear cooling regibiseveral linehad a averagealuration ofo
T X iu Thus, forEq(3.1) to be representing the cooling rate of the linear retfierfollowing has to

be satisfied:

30 0 (3.5)

Asaresult3d 1@ X U and if30is greater thamdv X i the cooling raté falls into the nonlinear

region, which is of no interest to the current applicatdbmicrostructure controSincez0 ¢ fand
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t 18t @ ¢ pconsequently T 1o X @ndé  p uWithé p umeaning that the linear cooling rate
of any fixed poind will lie between 1 to 15 consecutive sampling times. Therefore, f¢8.Epto be
applicable for calculating the linear cooling rate of any fixed pinthe equation should be revised
as follows:
Y
pu

(3.6)

The above equation indicates that after p uterations (or sample times) the temperature of point

should be calculateals™Y , and inserted into E@.6) to obtain the linear cooling of any fixed point

C2 C2

. Eq(3.6) only provides lirar cooling rate of one fixed point on the clade line, whereas, for the
current application an updating cooling rate in real time is requireetefore,Eq(3.6) has to be
convertedo an updting cooling rate in real time.

If in Eq.(3.3), the complete speed vectar i) /8 A , is replaced by the speeds of the last 15

sampletimes0 R MR |, the followingtransfer vectois yield:
" 0 0 E 0 tATI O
0 Q —
. O O E 0 f1OEI] (3.7)
v Q

In the above equationfy ) is a transfer vector that will provide the current location of a
previous melt pool at tim& o . This new location is exactly the place where the decreasing
temperature of poini lies inside the linear cooling rate region. In order to obtain the new location of

the previous melt pool étmed 0, Eq(3.4) is rewritten as follows:

@ @

i i O (3.8)
where & f is the new location of the previous melt pool paintafterp o seconds (oD
seconds) of cooling. Thuse h is fed inb the convertor block to obtatemperaturéY of a
tracking point0 afterp & seconds. Finally)Y is inserted into E¢3.6) to obtain the linear cooling

rate ofa trackingpoint0 in real time

To obtain the linear cooling ratgEq(3.6)) in real time, the travel speed vector
o b B is always updated with the last 15 travel speeds of the CNC machine. As a

result, Eq.(3.8) provides the location ofmovingtrackingpointd , which is always tracking the current
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melt pool location and providing the location and temperature of a previous melt popl df$econds
(or 6 seconds) of coolingnd solidification As a result, after each sample tjr&e.(3.6) will provide
an updated real time coolingte. However, output cooling rate has a delag df 1@ o Xi vsince
this time has to elapdaitially for Eq(4.3) and Eq(3.8) to obtain the new location of the first melt
pool.

3.4.3 Obtaining a Thermal Map

Although, melt pool temperature and cooling rate would provide adequate information for
microstructural analysisadditional thermal information of other points will also be helpful in the
analysis. A thermal map consisting of all the pointshendlad line and inside the heat affected zone
will be essential for validating online measurements and supporting experimental results. Thus, part of
the developed program created and stored a thermal map of the process at each sariptadiene.
to oltain a thermal map, position vectors of all fixed powrighe work piecsuch a® in Figure3-6
are required. Since, calculation of all the fixed point position ve@smputationally expensive for
the system, only one position vector for one fixed paiasextracted and all othdixed pointswere
obtained with respect to that point. This initial fixed point will serve as a reference point inathes im
coordinatesystem for all other thermal points required in the thermal map.

Using Eq(3.3) andEq.(3.4), the location of a constant pointis obtained at each sample time. Point
0 will serve as the reference in the coordinate system for all other fixed points on the clad line and
heat affetedzone. ThuslD, 2D and 3Dxthermal mapof the clad line antheneighboring heat affected

zones are extracted as shown schematicaliygare 3-8, Figure3-9 andFigure3-10.
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Figure 3-8 1D thermal map of a clad line inX and Y coordinate systems.
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Figure 3-9 2D thermal of a clad line in XY coordinate system
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Figure 3-10 3D thermal map of a clad line.
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3.5 Application of Thermal Feedback Control to LAM

Melt pool temperature, cooling rate and the thermal map are output process parameters which have to
monitored and processed to obtain a desired microstructure during the LAM process. A controller is
responsible for acquiring these data and interpretingdfaired control actions to create desired
material properties such as microstructi@imce the output process parameters are measured and fed

back to the catroller in real time, a closeldop feedback controller is required for the current system.

3.5.1 Closed-loop PID Control

ProportionalintegratDerivative (PID) contrdérs arethe most common control algoritismised in
industry and haveeen widely accepted in manufacturing automatiRobustness and simplicity in
functionality are the main reasons to repularity of PID controlA PID controller calculatesrror
values of the difference between a measumdcess outpuand a desiredet point The contoller
attempts to minimize therrorby adjusting the process through use of a manipulated variddgd@ID
algorithm consists of three basic coefficients; proporti¢a}l integral(‘Qand derivativg’O) which

are varied to get optimal response.

A block diagram of a PID controller in a feedback loop is showkigare3-11. Thepresentrroris
represented by (proportional gai), the accumulation opasterrorsis represented byY (integral
gain), andprediction offuture errorsis represented byy (differential gain), as the error and its rate of
change are computed at each sféye three actionare summed to adjust the microstructure using a

process variablé 0 such as the travel speed, laser power or beam diameter.

Error

Output

Process Variabl

Figure 3-11 Block diagram of a basic PID control algorithm[106].
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In some cases, the response of the system to a given control output may change over time or in
relation to some variabld06]. A nonlinear systens a system in which the control parameters that
produce a desired response at one operatitg might not produce a satisfactory response at another
operating poin{106]. The LAM process is also a very complex nonlinear system, which cannot be

predicted or modeled with simple relations.

Thus, preliminary experiments are requireditalerstand which of the process variables should be
used as the control action. These experiments are carried out in the later sections48gitiprovide
a good choice for the control action.

A schematic graph of the closémbp thermal control of the LAM process developed and discussed
in this chapter is illustrated #Rigure3-12. Figure3-12is a general summary of all the algorithms and
processes deloped in the experimental setup (Sect®8, thermography setup (Secti@¥) and
closedloop PID control (SectioB.5) sections.
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Chapter 4

| nfl uence of Cooling Rate on Micro:

This chapter addresses the effects of melt pool temperature and cooling ttaef@amation of the

clad microstructure during the Laser Additive Manufacturing (LAM) process. The chapter begins with
studying thecombinedeffects of melt pool temperaturench cooling rate variations on the clad
microstructure Melt pool temperatureand cooling rateeffects are compared ®valuate the more
influential parameter on clad morphology and microstructure. The cheptéinues with further
detailed analysis of cding rate effects on the microstructure. Finally, the influence of travel speed on
cooling rate and microstructuesolutionsduring the LAM procesis discussed.

4.1 Experimental Methods

Stainless Steel (SS) 316L powdeB25 meshfrom Praxair Surfee Techntmgies were usedor
deposition The SS 316L powddrada composition of 0.003 wt % @7 wt % Cr,65.5wt % Fe, 1 wt
% MN, 3 wt % Mo, 13 wt % Ni, less than 0.005 wt %01 wt % S and 0.45 wt % Si.

All experiments in this chapte@onductedusedAlSI 1030 medium carbon steel substrates wath
composition 0f0.280.34 wt % C 0.60.9 wt % Mn, less than 0.04 wt % P, and less than 0.05 wt % S.
The dimensions of the substrates wera o T @& ux &. Before the LAM process the substrates
were rinsed witrethanol and washed with acetone to remove any contamination. Each setesf singl
line claddings in Sectior.2 and4.3were performed oseparatesubstrate. Thus,the two group of
experiments were performed bmo substrates witkach two clad lines having a distarafep 1@ @
with each other. Initial temperature and amount of preheat in all dingleeladdingshave great
influence in microstructure formatiofo insurethe initial temperaturera preheat of each clad line
wassame, aftethe deposition ofach line on the substeathe substrate was water codiedp 1 and

air driedto reach the initial room temperature.

The specimens were sectioned in the longitudinal direction for microstructural examination. Samples
were prepared using SiC grit paper with grit meigles from 240 td20Q polishedwith p‘ alumina
powder andhuto polished witlp * toT® * diamondpaste After each polishing step, the samples were
placed in an ultrasonic machine to remove contaminatioragedair dried.Stainless steel samples

were etched in Marbeseagent 1iQCuSQinuv 1 OHClandv ™ 0H-0), to expose grain structure
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and morphologyThe microstructures were analyzesing optical microscopy wittmagesobtained

from an Olympus AH microscopeith objectivemagnificatons of up ta Tt .

4.2 Combined Effect of Melt Pool Temperature and Cooling Rate on Clad

Microstructure

The influence of melt pool temperature and cooling rate on microstructure and solidification behavior

of metals has been an area of active research oveagidew decades. Although there are several

reports available in literature thabnsiderthe effects of these two parameters on the microstructure,

no investigation has compared the effects of these two parameters on solidification behavior.
Comparinghe effects of melt podemperaturend cooling rate on the microstructure pd®s a good
understanding of e a candtypeaadf iaflmemddore Gnportantly ata developear i st i ¢
good controller for microstructure it is essential to deterrtiiranost important governing parameter

on the microstructure between the melt pool temperature and cooling rate.

The amount of heat input during the LAM process definevahges of thenelt pool temperature
and coolig rate A large variety of operatingarameters and physical phenomena deteritiae
amount ofheat inputThe main input parameters of the current LAM system becategorizeds the
travel speed, laser power, laser beam diameter and powder fe&irre¢ethesparameteraffect the
heatinput all at the same time, it is essential to use a combined parameter to address their combined
influence. The effective energy per unit a@aand the powder deposition dengityO @1] are two
widely used parameters iliterature that can express combined influence of all the main input

parameters.

The efective energy measures the amaoefrgnergy delivered to the process by the laser. This energy

is principally responsible for melting the substrate surface and pparnitis defined by{1]:

0
0 (4.1)

in which 0 is the laser powerp is the traveling speed of the substrate, @nig the laser beam

diameter. The effective energyis measured in units ef—.

The powder deposition density is also a good indicator of the amount of powder fed to a wfit area

the substratduringdeposition. The powder deposition density is defineflLhy
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600 = (4.2)

where'Yis the powder feed rate. The powder deposition deds®y@ measured in units ef—.

The effective energy and powder deposition density are two parameterssitrdielehe combined
effects of the laser power, travel speed, laser beam diameter and powder feed rate on the amount of
heat input during the LAM process. The amount of heat input defines values for the melt pool
temperature and cooling rate. Th@gndd ‘O ‘@re directly related to the melt pool temperature and its
cooling rate, and indirectly related to the microstructure formation and its propkldiesyver, there
still exists thequestionof whether it is the melt pool temperature or the cooling watichhas a more

vital role intheformation ofclad microstructure?

In order to evaluate the effects of melt ptashperature@nd cooling rate on the microstructuaeset
of experimentsvere held considering the effective ener@y and powder deposition densilyO'0
Emamian et al[52] studied the effects of laser parameters on the formation of TiC morphdigy u
the effective energy and powder deposition dengtgy observed great changes in the microstructure
by variations in both combined parameters. These changes were interpreted and verified analytically
considering théndividual effectof each combing parametetdowever, identical values @andd OO
can be reached with different laser paramet€msamian et al[52] realized tha by keeping both
combinedparameterf and 0 ‘O @onstant and changiritye laser processingparameters, different
microstructures were resulted. Analyzitigese evolutionss difficult, s i nc e t hpocessingt e moé s
parameters are changinghereas, theombined parameters are constant and indicate no change.
Hence, by keeping the effective energy and gendeposition density constaat different laser
parameter setups, the heat input to the system is cha@esgly defining the rolef heat input$
ratherdifficult since the LAM process is complex and there are several physical processes involved.
No firm conclusion can be made on the trend of microstructural evolution of these type of experiments

unless the thermal behavior during e&andd ‘@ combination is studied.

To explore any possible influence of the melt pool temperature or cooling rate on microstructure and
morphology differences, a set of samples with identical effective energy and powder deposition density,
but dissimilar process parameters were prepamskr processing parameters for sampfes ov are

listed inTable4-1. In all the samplesAl through A5,the effective energy and powder deposition

density ardD p pF—, 0 OO 181 T respectivelyand the beam diameterd® & 4.
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Table 4-1 Laser processing parametersf =samples with similar —and |t

8 l parameters

Laser power Travel Speed Powder Feed Rate
Sample No.
&) (@fapy sk 3 dm
= 1031.25 225 4.5
= 916.67 200 4.0
= 802.08 175 35
= 687.50 150 3.0
= 572.92 125 2.5

To examine the microstructure and morphologyach samplén Table 41, optical micrographs
were captured. Different magnifications {t tou 1 ) were used to analyze the microstructure locally
andgenerallyon the clad cross sectiolh.is essential to understand microstructural changes and their

correlation with cooling rate and melt pool temgiarevariations

The macroscopic structure of a deposition is of great importance since many mechanical and material
properties depend onain size and grain shagéigure4-1 illustrates a low magnification micrograph
of the samples. The solidification microstructures of the SS 316L are complex and different as expected
in a rapid solidification process. The macrostruesunf each samgldifferentiatan different regions
of each cross section. Thus, there is no constant morphology for any of the samples; however, there are
similar microstructural trends in all the samples. Generally, columnar zones predominate the bottom of
the cladding at the clad substrate interface. All other regions of the clad have a cellular structure. The
size of the cellular grain boundaries decreases gradually from bottom to the top of the clad interface.
This general macrostructure in the claddings is venjlainio the macrostructures developed in
castingsTherefore, microstructural trends in the LAM proceas be explained based on similarities

to casting structures and their properties.
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Scale:100um | _ Scale:100um |

L
Figure 4-1 Low magnification micrographs of =samples with similar — and

Frr 8

The clad substraiaterface isanalogougo the mad walls inacaststructure This interface proviels

parameters.

nucleation sites for the columnar growth. The columnar shapes at the bottom of the cladding are due to
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slow cooling rates that provide time for nucleation and growth of the nucleation sites. The axes of the
columnar crystals are normally in the direntiaf heat flow{107]. The cellular zoes inFigure4-1 are
alsoanalogougo the equiaxed grains formed during casgtinbwo phenomena are responsible for

production of these equiaxed grajt88]:

1) Grain multiplication: Grain multiplication is primarily caused by remelting of dendritsgie
the columnar zone. Dendritic arms get coarsened and thus separated and carried into the
supercooled liquid metal. Hence, a new crystal is formed without an added nucleation site.

2) Convection: The separated arms are carried avegyconvection. Moreoverconvecion
dissipates superheat in the liquid metal, thus providing suitable growth locations for the
dendritic arms. This dissipated heat is transferred tinteeface between theolumnarand
cellulargrains accelerating the melting of dendriteshdts been shown that convection has a
great influence on the grain size. Larger grain size and columnar zones are produced when

convection is reduced.

Smaller grain size on top of the clad cross section can also be attributed to the increased convection
on top of the melt pool due to the additional air flow. Consequently, convection has a vital role in
forming the columnar and cellular zones. On the other hand, increasing convection results in increased
cooling rates that is measureable by the IR camenas, The cooling rate is proven to be effective on

the microstructure in theory.

The melt pool temperature also has a great effect on the formation of the equiaxed grains. When the
melt pool temperature is high, the separated dendrite arms melt and diskigpea, as the melt pool
temperature increases, the tendency to form equiaxed gtankl decreasé&enerally, the equiaxed
grains that form in high melt pool temperatures have an increased grdit08ik& herefore,ie melt

pool tempeature is also theoreticalbffecive on the dgeloped microstructure

Although, microstructuresfdahe different samples iRigure4-1 have a similar trend in terms of
transformation from columnar to cellular zones, they are greatly different in terms of grain size and
volume percentagef eachcellular and columnazone. Fo example, the cellular grain size dw is
much greater thaoit. Furthermore, a greateolumepercentagef sample®p 0o have a columnar
zone compared tov. Since the effective energy and powder deposition density of alllsarape
similar, noneof the microstructurathanges caheinterpreted theoretically considering the combined

values or laser processing parameters individually. As discussed above, cooling rate and melt pool
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temperature are in great connection with microstructewvalutionsinside the melt pool during the
LAM process. Thus, in order to study the effects of cooling rate and melt pool tempenature
microstructural variations in sampleép 0v, themeasuredalues of these output parameters need to
be compared.

In Figure4-2 andFigure4-3, themeasureaooling rate and melt pool temperatwgef each sample
are illustrated in real time. These output signals were captuiag tiee developed algorithm in
Section3.4.
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Figure 4-2 Real time woling rate of = samples with similar [ —and|rr 8 o7
parameters

Since the cooling rate and melt pool temperature values are hard to compare grapficalhgih2
andFigure4-3, their values were averaged quantitatively oveir gteag state regions. The averaged

values of the cooling rate and melt pool temperature for samplesou are listed inTable4-2.

53



=
al
o
o

Al A2 A3 A4 A5 | —AS5

500

H i
i H i
i H i
H H i
\ H i
\ H i
\ H i
\ H i
\ H i
\ Y 3
3 % S,
N, 5, X
N, .,
N
BT S

Melt Pool Temperature ( C)
)
8

00 2 4 6 8 10 12 14 16
Time (s)
. . N L
Figure 4-3 Real time melt pool temperature of=samples with similar ———and Frir

8 DIT_parameters.

The effect of power and velocity on the amount of heat input can be interpreted by comparing the
process parameters of the sample3able 4-1 with the cooling rate and melt pool temperatures in
Table4-2. According toTable4-1, the power, travelling speed and powder feed ratesdse gradually
from 0p to 0u. The decreasing power results in less heat input, whereas the decreasing traveling speed
results in more concentrated energy and heat. Thus, the power and travelling speed act in opposite ways

in changing the amouwf hea during the LAM process.
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Table 4-2 Average cooling rate and melt pool temperatures= samples with similar

- I

—and | rr 8 - parameters.

Sample No. Average Cooling Rate(3—v) Average Melt pool
Temperature (3 )

= 505 1440

= 518 1510

= 511 1576

- 426 1621

= 712 1683

In Table4-1, the melt pool temperature increases from sampl® ov that indicates an increase in
the heat input as well. The increasing melt pool temperature can be attributed to the decreasing
travelling speed, which increases the heat input. Hence, the traveling speed is found to be more
influential on the heat inpuh&n the laser power. On the other hand, the cooling rate behaves in a
nonlinear manner. Samplép 00 have an equal value of cooling rate, whereas, saraplesdou

have different valueit has the lowest cooling rate and has an unusual high datg rate with
0 o 0] Uflc This irregular behavior of the cooling rate makes it difficultdorelate it withthe

combined influence of travel speedlaser powerlt is noteworthy to point out that due the unusual
behavior of the cooling rate and mpbol temperatures ihiable4-2, and also to study the repeatability

of the measurements, each sample was deposited two times and similar results \wezd.obse

It is necessary to correlate cooling rate and melt pool temperature variations with microstructural
evolutions in the samplasdicated in Table 4, to understand microstructural characteristics in the
LAM process. In order to do so, higher magration micrograplarerequired to compare grain size
and grain shapes in more detail. High magnificatioorographsy 1 ) of eachsample are shown in
Figure4-4. These micrographs have all been taken at a similar location at the center of the étedding
all the samples. Thus, microstructural variation&igure4-1 and Figure4-4 should be compared to
the data inTable4-1 and Table4-2 to find the relatios between the processing parameters and the

material properties.
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Figure 4-4 High magnification micrographs of samplesAl through A5 with similar values

L
of —and|rr 8 L parameters.

Samplesbp 00 have very similar macrostructurdfi§ure4-1) and microstructuralRigure 4-4)
properties. Their macrostructures consist of an initial columnar zone at the clad substrate interface with
a region of cellular zone in the center. Moreover, accordiriigiore 4-4, generally the size of these
grains for sample8p 0o are alsadentical As observed iTable4-2 , these samples were solidified
with equal cooling rates but different melt pool temperatures. The macrostructural consistency with the
cooling rate indicates a strong relation between these two parameters. Compgredda, sample
0t has a greatecdumnar region and lesdraction of cellular grains. This change is due to the
decreasing value of the cooling ratedarcompared t@p 00. The lower cooling rate idT provides
more time for the columnar grains to grow, making it difficult for tHeutae grains to further nucleate
and precipitate. In addition, the higher melt pool temperatude ifurther reduces the chances of the
cellular crystals to survive in the melt podlhus, the lower cooling rate and higher melt pool
temperature act igmilar ways to reduce cellular growth and promote the columnar regipearing
in sampledT. On the other handju has the largest cellular region amongst all the samples. This
greater cellular region is caused by the high cooling rate value measonedTihe increased cooling
rate is a burden for dendrites to grow, thus, resulting in early coarsening and separation of their tips that
form the equiaxed grains. In spite of the increased cellular region due to lower cooling rate, the equiaxed

grains inou are much bigger in size compared to the on@g irExaminingTable4-2, it can be noted
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that sampl®uv has a higher melt pool temperature tbanAs stated earlier, it is harder for the cellular
grains to grow in high melt pool temperatures since the smaller graimelredue to the high
temperature of the melt pool. Thus, only the bigger cellular gisinvivel and growm in 6uv dueto a
higher melt pool temperaturéMoreover, since there are fewer columnar grains to limit the growth of
the cellular region, the cellular grains grow rapidly and yield a larger size. in

4.2.1 Effect of Cooling Rate and Melt Pool Temperature on Dilution and Clad Height

Clad height and dilution of thed samples were measured to analyze the effect of cooling rate and melt
pool temperature on these parametershis ,"Qis the clad height) is the clad width,—is the angle

of wetting, andis the clad depth representing the thickness of substrate melted during the cladding
and added to the clad region. The geometrical definition of dilution is defined as follows:

O
QQa oo _SH
i (4.3)
— w o
A
Clad Bead _| h
0 r
b]l
Substrate

Figure 4-5 Clad cross section in LAM[1].

In Table4-3, clad height andlilution arecalculated for the sampléisted in Table 41. The clad height
decreases fromp to Ov. This increase is in great correlation with the increasing melt pool temperature
for these samples as listedliable4-2, whereas, it doasot have any relation with the cooling rates of

these samples. Thus, as the melt pool temperature increases, the clad height of the samples decrease.

On the contrary, the dilution does not have any specific trenddmtmou. However, by comparing
the cooling rategTable 4-2) with the dilution of each sample, it is observed that there is a positive

correlation between the cooling ratedadilution. Sampl&uv, which has the highest dilution also has
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the highest cooling rate. In additadt has t he | owest dil uti o®ntheecause

other hand, samplémpd ¢ andd o, which have identical cooling rates, all hawailar dilutions.

Table 4-3 Dilution and clad heightof the =samples with similar [ % and ||

8 DIT_parameters.

Clad Height v@c a X & 1 & Q& T a O& d & o@T &

Dilution TYb vp b vgb TOobP pob

In order to better illustrate the correlation between the cooling rate and dilution @fsdmaples,
dilution is plotted as a function of cooling rateRigure4-6. A pseuddinear relation exists between

the cooling rateand dilution.
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Figure 4-6 Clad dilution as afunction of cooling rate.

In conclusion the cooling rate andmelt pool temperature variationgre both effective in
microstructural formatios and evolutionsn LAM; however, the cooling rate is proven to be more
effective in the final microstructur€hanges irmelt pooltemperaturelo notnecessarily}change the
microstructure unlesthe temperature reaches a sufficient critical value above the melting point

Furthermore, the melt pool temperature is mainly responsible for changing the status of the cellular

60

(0]



region in terms of growth and size. Further analysis showetiomg correlation between the
microstructure and cooling rate. As the cooling rate increased, more equiaxedwgnan®rmed

whereas, with the decreasing cooling rate a greater number dfitdeand columnar growth was
promoted.lt was proven that even small changes in the cooling rate as bjg%a(;for sampledT

compared t@p 00) result in considerable changes in the microstructurereas there has to be
larger variations in the eft pool temperature to observe changes in the microstrudtiieecooling

rate also influences the graiizes boundaryboth in the columnar and cellular regions.

4.3 Effect of Cooling Rate on Microstructure

According to results in the previous section, tlmling rate is more influential on the LAM
microstructure compared to the melt pool temperatdesing defined the cooling rate as the most
influential output parameter correlated with microstructural evolutions, it is necessary to stsle the

effect d cooling rate on the clad microstructuén the other handt was also observetiat the travel

speed had a greater influence on the cooling rate compared to the other two parameters (i.e. laser power
and powder feed rate). Thus, a new set of expersweaite conductedhanging the travel speeghile

keeping the laser power and powder feed rate corguiging single line claddingd he parameters of

the 6 samples are shown fable4-4. As noted the travelling speed of the laser increases gradually

from sampled p to 61, wherea the laser power and powder feed rate have constants\alyer a

andt8U"QYa "Qérepectvely.

Table 4-4 Laser processing parameters oﬂ samples for studying the effects of cooling rate on

microstructure, and effects oftravelling speed on cooling rate.

Laser power Travel Speed Powder Feed Rate
Sample No.

GF) @Oy
| 25
[ 50

700 4.0
I 100
I 200
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Cooling rate and melt pool temperatures ofdreamples arpresented ifrigure4-7 andFigure4-8,
respectively It is apparent from these figures that as #ipeed increases the cooling rate increases
dramatically, whereas the melt pool temperature decre@kbheugh,the cooling rate and melt pool
temperaturarebothaffected by the speed change, the changes in the cooling rate are more significant.

A more detailed analysis of the speed effect on cooling rate variations will be presented in the next

section.
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In order to compare cooling rate and melt pool temperature variations in more detail, the average
cooling rate and melt pool temperature values of the stable regions in eaclo cfaimples are listed
in Table4-5. Figure4-9 compares low magnification micrographs of theamples. Sapie 6p has a

greater height compared to the other samples, hence, only topiqf theed is shown irFigure4-9.

Table 4-5 Average cooling rate and melt pool temperature:ﬂ samples for studying cooling rate

effects on microstructural evolutions.

) 3 Average Melt pool
Sample No. Average Cooling Rate(5)
Temperature (3 )
" 22 2053
I 39 1630
" 248 1434
" 764 1153
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Figure 4-9 Low magnification micrographs of || samples.

As shownin Figure2-6, SS 316L alloy line liesn the thregohase equilibrium triangle. As explained
previously inSection2.5.2 the solidification of the SS 316L undergoes the following transitieng?

r 00 r1 9 097 1 1 O 1 . Thus, the primary solidification occurs as austenite and
since the line is located on thedt sideof thethreephase equilibrium triangle it shall remain austenitic
upon cooling to room temperature. Microstructures of the SS 316L depositieigsiia4-9 consist of
two regions: (1) light regions, which represent thaustenite phase, and (2) dark regions, which
represent the-ferrite phase. According fbable4-5 and the micrographs shownkhigure4-9, as the
cooling rate decreases froap to 6o the ferrite contenof the deposition decreases likewise. The
increased cooling rate @ and to some extent g, reducsthe chances of-ferrite formation. Since
ther 1 0 andr 1 interphases are formed at very narrow temperature rahggscooling
rates will reduce the total time of transitions in whicferrite is formed. Thus, at high cooling rates
less time isallocatedfor theformation of thé -ferrite phaseresulting ina primaryuniform austenite

phase with cellular and deriic austenitic substructuse Surprisingly,6T has a higher content of
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ferrite compared t@¢ andd o, although having a much greater cooling riereover, compared to

the cellular microstructure of sampleés 60, sampledt has a needike microstructure. This type
of microstructure and the very high cooling rate (X @ %—) are signs of martensite production during

solidification. To better understand whether sandalés martensite or not, micro hardness tests were

taken from these sangs. Error! Reference source not found.shows the micro hardness of the

samples, which were measured at similar locations on top of the clad cross skdtaear thatd t

has a much greater hardness compared to the other three samples that is a proof of martensite presence
in this sample. Since martensite has a higher hardness compared to austenite, the higher hardness in
sampled T indicates that the primary phase in this sample is martensite opposed to austenite in samples
0p 0. Comparing cooling rates in these samples, apparently the rapid coolingiraie the cause

of martensite productiorMartensite is formed in staggs steels by the rapid cooling (quenching) of
austenite at such high cooling ratés (X ¢ %—). Thus, the significance of cooling rate on the primary

phase of solidification is once again proven.

Table 4-6 Micro hardness results of | samples.

Sample No. Hardness (HV1000) Average Cooling Rate(%)
I 150.5 22
I 150.5 39
| 153.3 248
I 368.0 764

Very high cooling rate andldtion arethe most likely cause éérriteincrease i t. It was observed
that sample®p 6o had nearly no dilution, whered@st had a certain amount of dilution. The
differences in dilution can hieterpreted by comparing theirfaceof cladsé o anddt in Figure4-9.

It is apparent thab o has a flatsurface which indicates no dilution, in contrastt has a concave
surface denoting certain amount of laser beam penetration inside treratd The substrate is mild
steel and consists mostly of ferrite. Therefore, diluttin carbon steelpartial meltingand a very
high cooling rateesults in additional formation of ferrite contémt. Furthermore, as it can be seen

in Table4-5, sampledT has a melt pool temperaturemfp wsathatis much lower than thiquidus
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temperaturef SS 316L Although, all phase transformations occur insidg taistenite regiorthe
low melt pool temperature and high cooling rate prevents further nucleation and growth’ ef the
austenite phasélence, dilution, low melt pool temperature and high coolingirasampledt result

in greater amount of the ferrite content as opposdide general trend iBp-0T.

4.3.1 Grain Size Variation with Cooling Rate

Grain sizevariations aralsoobserved ifFigure4-9, apart from changes in the ferrite content of the
0 samplesGrain boundary sizes decrease sharply fodqo 61. To better illustrate these variations
in the microstructurea higher magfication micrograph of thé samples are presentecHigure4-10.
There is significant correlation between the grain size and progekssg rate. According tBigure4-9
and Figure 4-10, with successive increase of the cooling rate, grain boundaries shrink dramatically.
Consequentlyd p, which has the lowest cooling rate, yields the largest grain sizé&ygnahich has

the highest cooling rate, has very small grain substructures.

Figure 4-10 High magnification micrographs of || samples.
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The Heyn[110] lineal intercept procedure was used to obtain the ASTM grain size of samples
6. In this procedure three concentric circles were sketched on a random location of each sample and
the number of grain boundary intersections with the cirdesyere countedBy dividing0 with the
actual length of the circle®, the number of grain boundary intersections per unit length of the test

line, 0 , is obtained. The mean lineal intercept lengtis obtained as follows:

C'll b o)

4.9
which has a unit oft . Finally, the ASTM grain size numbég is derived by the following:

"0 op T o yulgC og Y.y (45)

The ASTM grain size number of eabhsample is listed ifError! Reference source not found.
The subsequent grains per unit aked) @nd average grain diamet€) pf each grain size number were
alsoobtained using the tables provided in ASTM standard E 112.

Table 4-7 Grain size number of the|| samples with changing speed.

. 1-ASTM Grain Size 4 _-Grains/Unit B Average Grain
ample No. J :
P d =3 Area (DJTDS + <) Diameter (H O)
| 9 3968.0 15.9
| 10 79360 11.2
[ 12 31744.1 5.6

The grains per wunit area and average grain diam
rate inFigure4-11 andFigure4-12, respectively. The results show that the number of grains per unit
increases with the cooling rate having a pseimar relationship. On the other hand, the grain
diameter decrease with the increasing cooling rate in a nonlinear manner. However, more
measurements at different cooling rates are required to establigierieeality of these relations

between the cooling rate and the grain size.
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Figure 4-12 Variation of average grain diameter with respect to cooling rate for sample#

Surprisingly, an intercellular ferrite content is observed for samplie Figure4-10, which is not
seen in other samples. This form of intercellular ferrite is the result of the very slow cooling ¢gies in
that enables enough time for the ferrite to nucleate aod gt the cell grain boundaries. Further

analysis 0B p even shows dendritic ferrite content at some locations of the clad, which is illustrated in
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Figure4-13. The dendritic growth of the ferrite content is anottwrsequence of the low cooling rate

in this sample.

[Scale:50um

Figure 4-13 Dendritic ferrite content is sample|| as a result of low cooling rate.

Overall, the results indicate a great correlation betweeregiémecooling rate and microstructural
evolutions during the LAM process. The cooling rate has direct effect on: (1) the volumetric percentage
of each phase inside the microstructure, (2) formation and growth of different phases, and (3) grain
boundaries and grasize. LoweY -ferrite content was yield at higher cooling rates. At very low cooling
rates, new regions of intercellular and dendritic ferrite content were produced. Moreover, at low cooling
rates, since more time existed for the nucleation and groitie[ -austenite content, larger grains
were obtained. It is noteworthy to point out the influence of the melt pool temperature and dilution on
the microstructure as well. These two parameters mainly affected the volumetric conténtfefthe

phase and did not have great contribution in other microstructural evolutions.

4.4 Cooling Rate and Microstructure Variations with Travelling Speed

It was realized that cooling rate variations resulted in microstructural evolutions, however, the source
of these wriations and the effects of speed on the cooling rate were not discussed. Since the final aim
of this research is to develop a microstructural controller, a physical controlling #ptmress
variablg is required to address the microstructuneolutions as stated in Secti@b5. Although, the

cooling rate, melt pool temperature and dilution were identified as the sources of microstructural
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evolutions, these are onlynonitoredoutput parameters that cannot be controlled direGthus, a

control action, which is physically adjustalaled has direct effect on the cooling risteequired.

It is quite revealing to combinthe input and output ¢& of the LAM process iTable 4-4 and
Table4-5. The speed is the only changing input process paraméier indt, having a constant laser
power and powder feed rafEhe cooling rate and melt pool temperaturegaephically sketcheds a

function of the traveling speed igure4-14 andFigure4-15, respectively.
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Figure 4-14 Effect of traveling speed on cooling rate.
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The increasing speed has created an increasing trend for cooling rate and a decreasing trend for the
melt pool temperature. Apparently, the traveling speed has a linear relation with the cooling rate and
melt pool temperature, if the data from thg sampe were to be neglected. Figure4-14, the cooling
rate is nearly doubled by doubling the traveling speed. The traveling speed diffectly the cooling
rate and hence indirectly affects the clad microstructure. Taken together, these results suggest that there
is a positive association between real time cooling rate and microstructural changes, and the traveling
speed. Thus, the traved) speed is a suitable physical parameter to be chosen as the controlling action

for a microstructure controller in the LAM process.

The study in this chapter has shown that both cooling rate and melt pool temperature have direct
effect on the clad micrasictureduring the LAM process. However, further analysis revealed that the
cooling rate was more influential on the final macrostructure and microstructure. Effects of the cooling
rate were also studied on the clad microstructure by changing the travelling Spe@dtructural
analysis proved that the volumetric percentage of each phase inside the microstructure, formation and
growth of different phases, grain boundaries and grain size were directly related to the real time cooling
rate measured by the develdp@ermographic algorithnQuantitative analysis of the grain size also
revealed that the number of grains per unit area incrgasedidinearly with increasing cooling rate,
whereas, the average grain diameter decreased with the increasing cooling rate.

While, the cooling rate was identified as the most important process parameter effective on
microstructure, a physical process variable was required to control the cooling rate in real time. Thus,
experiments were held to understand the effect of diffggetessing parameters (travelling speed,
laser power and powder feed rate) the cooling rate. Bat correlatiorwas observedetween the
traveling speed and real time cooling ratence, the traveling speed of the cladding was identifsed

a suitable choice fahecontrol action during microstructural control of the LAM process.
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Chapter 5

Re al Ti me Mi Cromgtrrodc tainrde Resul t s

This chapter addresses the design and implementationla$edioop PID controller for controlling

the mcrostructuren LAM . The traveling speed is used as the control action to control the cooling rate
and thus the deposition microstructure. The chapter begins with explaining the experimental
procedures. It continues with tuning and implementing a coetrédr single line claddings with a
constant desired cooling rafhe designed controller is then implemented in controlling multiple clad
lines deposited consecutivedyn a substratwith each line having ataircase desiretboling rate and
microstructue. Finally, applications of the microstructure controller in the industry are presented and
evaluated.

5.1 Experimental Setup

Stainless Steel (SS) 30%owder,-325 mesh, from Alfa Aeser Co. was deposited during the LAM
process carriedut in this chapter. TSS 303lpowder had a composition of 17 wt % €0, wt % Fe
andl3 wt % Ni The current SS 3@3powder differs from the SS 316L powder usedCimapter 4
which is to show the generality of the proposed contraltetstudy. The SS 308 and SS316L have
a the samecrystalline (austenitic FCCxtructure andimilar compositiors, thus, the micrstructural

study carried out i€hapter 4an be used in this chapter as well.

All other experimental and sample preparation conditiorthis chapterre similar tothe ones
described irSectiond.1

5.2 Microstructure Control in Single-line Cladding

The results, as shown in Sectid.3, indicate thatthe cooling rate haa significant effect on the
microstructure during the LAM process. Thus, in order to devalaply automated LAMprocess
capable tgproduce desired mechigal and material properties, it is required to havdoaedloop
controlled cooling rate during the process. Difficulties arise, however, when a contrditebés
implemented experimentally to control the cooling rate, since there are ggreeedgparameters that
effect the coolingorocess Results inSection4.4 showed however, the travelling speed has a more
critical role in defininghe cooling rate value. Hence, to simplify the problem, the travelling spe®d

used as the sole contiin action to stabilize the cooling rati@ adesired valueA PID controller was
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designedand developedaccording to thealgorithm discussed in Sectn 3.5.1 The controllerwas

initially tested on singldine claddings depositezkparatelyith a constantiesiredcoolingrate.

5.2.1 Cooling Rate Control using a Closed-loop PID Controller

The developedlosedloop control systermeasures the cooling rate in real time &ells it to the
controller. The PID controlleneceives the real timend setpointooling rats as inputs to the system
The output of the controller is theequired traveling speed teach the desired cooling rate based on
the current measurement and the PID gains. A PID controller has three adjustable int¢gral (

proportional ¢ ) and derivative({ ) gains, which have to be tuned manually or automatically.

Two cooling rate vimes0 X U fandd ¢ p # were chosen as the two initial peints for
the controller to worlon. The two values are chossa that the controller is evaluated battigh
(x v %) and low(c p3A) cooling rate regions. The first step in impleniegta PID controller is to

tune thed Y andd gains on each of the desiredssnts.

Severalclosedloop singleline claddingswere depositedhavingsetpointcooling rate values of
X L # andc p =3 During these experiments, the laser power and powder feed rate were fixed to

x Ttar and’O 1 "Q& "Qé&espectivelyDuringthe depositions, several automatic tuning methods were
tested; however, none produced the desired response. Thus, the gaihseemmanuallyfor each

sepoint Further experiments showed that at each desired cooling diféerent set oPID gains were
required Table5-1 provides theptimalPID gains fothe two setpointsy X v ¥andé ¢ p #.
It is apparent fronTable5-1 thatno0 gainis required forthe controlley indicatingthe requirement

of a PI controller for the process.

Table 5-1 Tuned PID gains for singleline cladding.

Setpoint Coolin
" ’ Ly 1. J
Rate " "
F Z 2.5 0.001 0
v
- 3 4 0.002 0
v
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The developed controller was able to produce desakeks of theooling rates with great accuracy.

More than ten sample clad lines were deposited by the automated system flgsé@ciooling rate;

0 xuvu Fandd ¢ p . In Figure5-1 andFigure5-2, real timevalues ottwo closedoopsingle
line claddingsare shownSampledp in Figure5-1 has asepointof 6 x v # and sampl&c¢ in
Figure 5-2 has aset pointof & ¢ p #. As it canbe seen, the controlleapidly stabilizesboth

sepoint valueswith a low error 6T@o d> for6  x v Fandu® ¢ ford ¢ p #. The settling

time for sampleép is close tor i, and fordc it is @i. There are overshoots at the beginning of the
cooling rate signals, which is attributed to the nature of the real time cooling rate measurement system.
As stated earlier in Sectidh4.2 since the calculation of the cooling rate requires some time to be
given for a decrease in temperature of a point after 15 sample ti@es (i y the system requires

T80 0 Xi to measure the first cooling point. Thus, as it is observed infigthie5-1 andFigure5-2,

after nearlyri@o o xi the overshoot is damped since the system measurements of the cooling are correct,
whereas, before this time the system measurements are unreliable and incomesatel) the initial
oscillations and slow convergence of the system is attributed to the abseihéegafra Unfortunately,

after a"Y gain was inserted into the system, although, convergence was faster, the system became
unstable. Thus, there belawsults are the best results obtained by a PID controller. However, there

can be improvements in the results if advanced controlling techniques are introduced.

1000 ‘ :
—Closed-loop Response
— -=-Setpoint
v 800 —
O N P S SR, e L e ——————
-
L 600
D 400 .
£ /
o
S 200 \
00 2 4 6 8 10 12 14

Time (s)

Figure 5-1 Closedloop response of the cooling rate fosample  (single-line cladding with

3—v setpoint).
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Figure 5-2 Closedloop response of the cooling rate fosample ¢ (single-line cladding with

3 .
< setpoint).

Thereal timeclosedloop traveling speeslof the two sample®p and0¢ areshownin Figure5-3. It
can be seen that comparedim sampled¢ has a lower speed, which is due to the lower cooling rate
setpoinin6¢.Ther ef ore, the control | er Ongtheaeaygspmdded i s | o
in Section4.4. Interestingly, the speed in sammle gradually increases in the stable region. This
gradual increase is caused by the storage of heat in the substrate. As the clad is being deposited, residual
energy not attracted by the melting material is stored in the substrate. This residual enermggsprodu
some preheat in the substrate and this amount of preheat is increased as time passes by and more
material is deposited. Thus, less energy is required for reaching the desired cooling rate, which means
a faster speed. Hence, the controller is adaptabkeriations in thenitial conditions as well. However,
the increasing speed effect in the stable region is not observed for gmBiace the stable speed is
higher fordp, thetotal time oflasershooting on the substrate is less for this sang@asequently, less
energy and preheat is transferredpo Therefore, the amount of preheabmis not significant enough

to have an effect on the caadj rate and the closddop traveling speed.
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Figure 5-3 Closedloop traveling speeds of sampleg 3—v and F 3_v )

The melt pool temperature of sampfs and6¢ are illustrated inFigure 5-4. The most striking
result to emerge from the data is that the melt pool temperatures of the two samples are equal, which

confirms the greater influence of the traveling speed on coolingctatgared to the melt pool

temperature.
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Figure 5-4 Closedloop response of the melt pool temperature for sampleg 3—v and
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Comparingrigure5-1 with Figure5-2, it is evidenthat the response of the PID is more stabf&in
which has a higher cooling rate. The oscillations observEejire5-2 for 6¢ can ke attributed to the
low resolution of the IRRameraatlow speeds. As the cooling rate decreases, the traveling speed of the
substrate decreases likewise. This decrease in speed means thackimg point O (refer to
Section3.4.2, will have a smaller distance with the melt pool pitel (seeFigure3-6). Since there
are very few pixels between andd , the chancef error and noise increase in calculation of the real
time cooling rate. Howevedc is shown to have a very stable clodedp speed ifFigure5-3, which
is an indication of a stable cooling rate and melt pool temperatsighown irFigure5-4. Thus, the
oscillations observed at low cooling ratesHigure 5-2 are mainly measurement noise due to low
resolition of the IR camera, and it can be confirmed that the cooling rate is stable since these noises
areonly around he setpointMoreover, in sampledp andd¢, although, the cooling rate was controlled
throughout deposition, some inconsistency was @bsem the clad geometry (clad height). This
inconsistency in the geometry arises while the laser power during deposition is constant.

In conclusion, preliminaryesults reveal that the cooling rate can be controlled during the LAM
process by a closddop PID controller While, the cooling rate of the two samplgsanddg differed
greatly in the closetbop process, their melt pool temperatures were founct teirbilar. However,
there is still no evidence of wheth#dre microstructure has been controlled or riai. evaluate
microstructure consistency obtained by the controller, microgriphrs different points on the clad
line have to becompared

5.2.2 Microstructure Control and Results

The main aim of this research is to produce a desired controlled microstructogelden. AM process.

The proposed closddop control process in Sectidn2.1was successful in controlling the cooling
ratefor singleline claddings Results inSection4.3 suggest that a controlled cooling rate during the
process should yield a controlled microstructure as well. Althotinghmelt pool temperature also
influenceghe final microstructure, it is the real time cooling rate of the process that governs ttat gene
microstructure of the deposition. Hence, to investigate the peafarenof the closelbop controlleron
microstructural evolutionsamplep ando¢ wereeachsectioredat two different locatiosalong the

claddingline.

Figure5-5 presents micrographs of the two cross sections in sabgplehich has a high cooling

rateof 0 X UL k. It is apparent from these micrographat both cross sections have a similar
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microstructure in terms of grain size and cellular growibth microstructures consist of cellular and
columnar grains. Surprisingly, the volumetric percentage of the columnar and cellular regions and their
grain skes are also exactly the same for both cross sectidfigune5-5. The volumetric percentage

of thel -austenite arid-ferrite are als@bserved to be qualitatively equal, comparing the light and dark

regions of the two micrographs.

Figure 5-5 Micrographs from two different locations in sample F (closel-loop control at

—v).
Microscopic images of two cross sections in sarmygl@re also shown iRigure5-6. It is observed

thatthe micrographs in this figure aatsoidenticalin terms of the gemal microstructuregrain size

boundariesind volumetric fraction of each phase. CompaFigyre5-5 with Figure5-6, it is apparent

thatOp has a smaller grain size compate 6¢, which is due to the lower cooling rate of samte

as explained in Sectich3. It is interesting that according Esgure5-4, thesesamples have ideioal

melt pool temperatures, thus, the only difference of these two samples are their cooling rates. Once

again, thesoleeffect of the cooling rate on microstructure is observed by comparing microstructures of

samplep andog.

78



[Scale:100um [Scate:100um

Figure 5-6 Micrographs from two different locations in sample  (closel-loop control at

In summary, these results show thia microstructure of a deposition can be controlled during the
LAM proces by controllingthe cooling rateThere is a positive significant correlation between the
closedloop cooling rateresponseand nicrostructural evolutions inthe cladding. The developed
controller was able to control the cooling rate and gmaside aconsisteninicrostucture during the

LAM processwhich is of crucial importance in all applicationstbé LAM in industry.

5.3 Microstructure Control in Multi-pass Cladding under Thermal Disturbances

While the closedoop control process of the cooling rat@s successful in achievingcansistent
desiredmicrostructure, the singline cladding conditions are the most simple case of the LAM
process. The performance of the proposed controller has to be evaindégkarsherconditionsand
processdisturbanes, which are present in industrial applicasiowthen LAM isused in the rapid
prototyping orcoating technology, several ligef claddings are deposited besi@ete other to produce
a depositionayer. Since these lines are depositedsecutively wittarrowspacing or overlapghe
deposition of each line has an effect on the next or previous one. As each line is cladded, it gathers a
certain amount of energy inside the substrate, hémoeasing the substraéeinitial temperaturand
disturbingthethermalprofile. As a result, each deposited line will undeagtifferent thermal process,
which results in a different microstructu@n the other handpenloop depositionof different shapes
on various geometries resultsdmer he&input and disttbance thatnay causeexcessive builaip of
material,or lack of depositionOverall, industrial applications of LAM require mufiass claddings,
which in turn introduce various disturbasd® the thermal process of the system and its output
metallurgicd characteristics. On the other hand, there are case studies in which certain desired material
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properties are required in certain sections of the cladding. fbinerénstead of a constant geint for
the cooling rate, a changing geint is requiredo producedifferent material propertieat different

localizedsections.

5.3.1 Cooling Rate Control using a PID Control

A more generakxperimental condition is requirdd order to analyze theerformanceof the
developed losedloop controller under proceststurbances. As shown Figure5-7, three clad lines
were deposited consecutiveljthout any cooling in between. The length of each Isw ™ &, and
the lines have a & & distance between them. Thus, as each line is deposited, a certain amount of
preheat is produced in the substrate, disturbing the initial thermal conditions of the feysteamext

deposition Moreover, hstead bhaving a constant setpoint, a stair caspapt was assigned for the

controller. The initial set point for the first half of each line is % and then the closddop controller

has to reach a smiintofyur  Ther ef or e, t hamce isevaluated by inoduttisy per f or

two disturbances: 1) preheat and 2) changing set point.

Cool rate = 37v Cool rate = 3fv

Cross section

Figure 5-7 Multi -line claddings for evaluation of the microstructure controller.

Two samplesOand"Q were claddedy the closedoop processwith the same conditions as in
Figure5-7. The PID controller was tunddr the current setup. As observedTiable5-1, due to the
great nonlinearities of the systamew set of PID gains were required for each setpoint. However, it
was intended to tune a single set of PID gains for the findtistep setpoint for samplé@and™Q

which was hard to achieve and regdi greater attention. The optimum set of PID gains tuned for the

multi-line claddings with a step setpoim ( randt GEH) are listed infable5-2.
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Table 5-2 Optimal PID gains for multi -line cladding with step set point.

Step Setpoint Cooling Rate L 1« 3

3

7 1( Zand 3 4 0.0 0

The closedoop response of the cooling rate for samp@end "Oareillustrated inFigure5-8 and
Figure5-9, respectivelyThe numberg phg & & 6) after the sarmp number (i.e709 indicates the
deposition line ghown inFigure 5-7) in each sampleThe controller is successful in achieving the

desired setpoints; however, there are oscillations around the initial setpoift As discussed in

Section5.2.], sincet o Fis lower than thep v EH the oscillations are mainkponsidered to baoise

in the program due to low pixel resolution at lower coolinggatéoreover, since the optimal PID

gains are assigned for the step setpoint which contains two cooling rate values, it has bden auned
combination of both setpoinfg v *randt GEF[). Thus, the PID gains do not satisfy the most optimum

response for each of these setpoints individuallyereas, thegre tuned tgroduce an average good
response foboth setpoins. Comparing closetbop cooling rate responses of sampl@and"Q the

general performance of the controller is satisfactory under disturbances
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Figure 5-8 Closedloop response of cooling rate for sampkg (multi-line cladding with step
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Figure 5-9 Closedloop response of cooling rate for samplg (multi -line cladding with step

setpoint).

The closedoop traveling speeds of the two sampl&@and "Oare shown inFigure 5-10 and
Figure5-11, respectivelylt is noticeable thalp has a dferent path of speed compared to the other
lines (@ and"@). As a result, the closddop cooling rate response '@ is also different compared

to '@ and"@, which are the second and third k@ deposition in sampl®© The effect of this small
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divergerte of '@ on its microstructure will be discussed in the later sections. On the other hand, all the
three deposited lines in th@sample @RQ@ and"@), have similar closetbop traveling speeds and
cooling rateslt is apparent that the controller hassmall malfunction in@®. The major reason to
include sampl€Ois to study the effects af malfunctioring controller on the final microstructure

otherwise, all other closddop depositions produced good ressltailar to sampléQ
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The melt pool temperature of sampl€and "Oare illustrated inFigure 5-12 and Figure 5-13,

respectivelyAs expected, th&p line has a slightly ifferent trend of temperature variation compared

to other lines irFigure5-12. An unanticipated finding is that the melt pool temperatfrthet o #

andy v # sections are not different. The temperature is found to be consistent although the cooling

rate and the traveling speed are changing. This finding further supports the idea that small variations in
the traveling speed do not afft the melt pool temperature, whereas, they influence the cooling rate

and thus the microstructusggnificantly.
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Figure 5-12 Closedloop response of the melt pool temperature for sampke S—V 3—v :
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Figure 5-13 Closedloop response of the melt pool temperature for samplg 3—v 5

These results suggest that the controller is able to conveniently track a desired rémptirese
cooling rate at different setpoints. However, a malfunction in the controller response is intentionally

included in the results towsly the influence of an uncontrolled proceassmicrostructural evolutions.

5.3.2 Microstructure Control and Results

Microstructure consistency and control were studied for simgecladdings in the closddop

process. It is now crucial to investigate the microstructure contrbleinlosedloop processof the

multi-line depositions. In order to do so, each samplessasoned at two locations, one in the &

region and the other in thigv h region, as shown iRigure5-7. If the microstructural trends of each

line in sample80and’Oare similar, the controller has besiccessfuin controlling the microstructure

during the LAM process.

Figure5-14 andFigure5-15illustratethe microstructures isampleQatthe low ¢ o %) and high

(Yo %E) cooling rate regionsrespectively As expected,samples™@ and "@ have similar

microstructures at both cooling rates, howevke, deposited samplé€p differs. This variation in
microstructure is a result of a different trend of cooling rate and traveling spé@idompared to the
other two lines, as seen kigure5-8 andFigure5-10. However, similar microstructuresbserved in

sample¥® and @ support the consistency pérformancen the closedoop control process.
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Figure 5-14 Micrographs of linesg ,5 ands atlow cooling rate(closel-loop control at

)
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Figure 5-15Micrographs of linesg ,5 ands at high cooling rate( closel-loop control at
To better illustrate the microstructure contod consistenciy the"Osamples, higher magnification
micrographs of these samples are presenté&igure5-16 andFigure5-17. As explained previously,

lines"@ and"@ have very similar microstructures, whereas, pds different due to the malfunction

of the controller.
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Figure 5-16 High magnification micrographs of linesq ,§ ands at low cooling rate (closed

loop control at 3—v)
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Figure 5-17 High magnification micrographs of linesq ,5 ands at high cooling rate (

closedloop control at 3—v)

Turning to further analysis ahicrostructure controb set of samples designatéivere produced

in which the controller performezbrrectly for all deposited lineEigure5-18 andFigure5-19 present
micrographs of sampl@® at low ¢ o %) and high ¢ v %) cooling rate regions, respectively. In

contrast to sampl® it is clear that all deposited linesfbhaveconsistent similar microstructiget
both cooling ratesHigher magnification micrographs of tH® samples are also illustrated in
Figure5-20 andFigure5-21.

All three lines in samplé&have a similar microstructure in terms ¢f) grain size, (2) cellular and
columnar growth, (3) volumetric percentage of the columnar and cellular regions, and (4) volumetric
percentage of thfe-austenite arid-ferrite phasesrhus,by implementing a closeldop control for the
cooling rate of multline claddings in sample¥) and "Q thdr microstructure were controlled

consisterly throughout the deposition.
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