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Understanding the Impact of Post Heat Treatments on the Mechanism of Annealing Twin
Formation in 316L Stainless Steel 3D Printed Components

Yu Zhou, PhD

University of Pittsburgh, 2020

The fabrication of 316L stainless steel via selective laser melting (SLM) has been
developed in the past decade due to the convenience of the complex geometry design, faster
manufacturing times and fine microstructure. However, several problems such as porosity, residual
internal stresses and anisotropic properties, make it necessary to heat treat the components to
modify their microstructure and improve their performance. This post heat treatment leads to the
loss of the initial fine microstructure and hence the high strength.

The goal of this dissertation is to provide an alternative approach for the post heat
treatments of SLM fabricated 316L stainless steel. One of these approaches is the use of high
energy systems, i.e. induction rapid heating. The application of fast heating rate is expected to
promote the formation of annealing twin boundaries, which is a strengthening mechanism of this
face centered cubic (FCC) materials. 316L stainless steel fabricated via SLM process using gas
atomized powders was used as the base material in this study. A continuous induction heating
laboratory simulator (CAL-30KW) was used to provide various heating rates during the post heat
treatments. The microstructure of both as-fabricated specimens and post heat-treated specimens
was characterized. Of particular interest in this study was to examine the role of rapid heating on
the formation of annealing twin boundaries (coherent and incoherent) formation and the area
density evolution. The influence of processing parameters, such as reheating temperature, heating

rate and holding time, on the annealing twin density were investigated. The resulting



microstructures were analyzed using Optical Microscopy (OM), Scanning Electron Microscopy
(SEM), Electron Back-scattered Diffraction (EBSD), and Transmission Electron Microscopy
(TEM). The formation of twin boundaries during recrystallization was assessed. The mechanism
of annealing twin boundaries formation of SLM fabricated SS316L during induction rapid heating
is a combination of growth accident and grain boundary dissociation. The results are presented and

discussed in this dissertation.

Keywords: Rapid heating, Additive manufacturing, Selective laser melting, Annealing twin

boundaries.



Table of Contents

ACKNOWIBAGEMENTS. ...ttt ettt et be e Xiv
1.0 INTFOTUCTION ...ttt ettt ettt b et e nne et 1
1.1 Problem STAtEMENT........ccouiiiiieiii ettt 1

1.2 HYPOTNESIS ...ttt ettt ettt ettt ettt 3

1.3 ODJECTIVES ...ttt ettt et ettt e n bbb 4

2.0 BACKGIOUNG ...ttt ettt ettt ettt e st et et e nbe e 5
2.1 Metallic Additive Manufacturing (AM) Technologies...........ccocevvieiiiiiieiiie e, 5
2.1.1 General DESCHIPTION .........ooiuiiiiieiii ettt 5

2.1.2 Powder Material FabriCation..............ccooviiiiiiiiiiie e 6

2.1.3 Brief OVerview 0f BJ PrOCESS........cccuiiiiiiiiiiiesiesieese e 8

2.1.4 Brief OVerview 0of SLIM ProCeSS........cocveiiiiiiiiiiiieseeneee e 10

2.2 Annealing tWin DOUNGAIY..........ccouiiiiiie et 17
2.2.1 General Description of Grain Boundaries...........cccccveiviveiiireiiieeeciee e 17

2.2.2 Annealing Twins in FCC Crystallographic Structure ............cccccccevvvevivnenne, 20

2.2.3 Annealing twin formation theories...........ccccooivi e 22

2.2.4 Effect of Chemical Composition on Annealing TWINS ..........cccccceeviveeiineenne, 25

3.0 EXPerimental ProCeAUIE ...........ooiiiie et e et a e eneeas 27
3.1 Material Selection and ProCESSING .......ccoiviieiiiieeiiie e 27

3.2 Microstructural Characterization on OM and SEM ...........cccccceiiiiiiiiiiciicnee, 29
3.2.1 Sample Preparation...........ccccooiiiiiiii e 29

3.2.2 Microstructural ODSErvation............cccocveiiiiiiiiiie e 29



3.2.3 EBSD-OIM ANAIYSIS ....evieiiiiieiiiieeiiie ettt e e e snnee e 30

B3 TEM ANGIYSIS ...ttt 32
3.4 Microhardness MeaSUIEIMENTS. .......c.uoiiiiiie e 33
4.0 RESUITS. ...ttt ettt h et b ettt e e e e 34
4.1 General Observation of MICIOStIUCTUNE..........oiiiiiiieiicie e 34
4.1.1 Microstructure of As Fabricated Sample..........ccccooviiiiiiiiiien 34
4.1.2 Microstructure of Heat Treated Samples..........cccoovieniiiiiiniiciiee e 35
A.1.3 SUMIMATY ..ottt ettt e e e e 45

4.2 Annealing Twin Density Characterization..............cccovvvviieiiiiiieenie e 46
4.2.1 Annealing Twin Density Comparison at 1150°C..........ccccoovviiiiniieiiieniiiennn, 47
A.2.2 SUIMIMATY ..ottt ettt et e bt et e ekt e nbb e e et e e s e e 64

4.3 Grain Size MEASUFEIMENTS .......cviiiiiiieiieiiee ettt 65
4.4 Microhardness MEASUFEIMENTS. ..........oiiiiieiiiiese e 67
441 SUMIMAKY ..ttt a et e e e e e s sttt e e e e e s s n bbb b e e e e e e e e e aannernees 72

4.5 Result Summary of Best Processing Conditions ..........cccccoveeviieiiiee v 72
5.0 DISCUSSIONS ...tttk etttk ekttt h bbbt b e bt e bt b et enn e b e e 74
5.1 Annealing Twin Formation in Induction Rapid Heating............cc.ccccoeevvveevivinennnen. 74
5.1.1 Annealing Twin Formation Mechanisms ............cccccevviieiiiee e, 74
5.1.2 Comparison with Classical MOdelS...........ccceevieeiiiriiiie e 84
5.1.3 SUMIMATY ...iiiiiiiiiieee ittt e et e e e e e s st b b et e e e e e s s e abbanreeeees 91

5.2 The Recrystallization Kinetics ANAlYSIS ........c.ccovviiiiiiiiiee e 92
5.2.1 Recrystallization Kinetics at Different Processing Conditions..................... 93
5.2.2 SUMIMIATY ...utiiiiiiie e e ettt e e e e e e e et e e e e e e s st e et e e e e s s st bb e e e e e e e e e s astbanreeeeens 98

vii



5.3 The Effect of Heating RAte.........c..oiiiiiiiiiieeee e 98

5.3.1 The Principle of Induction HEating ...........cccooveiiieiiiiiiiiiicee e 99

5.3.2 Analysis of Local Thermal Stresses during Rapid Induction Heating....... 101

5.3.3 SUMMIATY ...ttt ettt e e 106

5.4 Verification of HYPOTNESIS. ........coouiiiiiii s 107

5.0 CONCIUSIONS. ...ttt ekt ettt ettt et enbeeenes 110
T.0 FULUNE WOTKS ...ttt ettt ettt et 113
BIDIIOGIAPNY ... 114

viii



List of Tables

Table 1. List of anisotropic tensile properties via SLM ProCess.........cccovvvveiiienineinieiiieninens 15
Table 2. Chemical composition of gas atomized powder for SLM Process.............cccoevveninenn 27
Table 3. Summary of high annealing twin density processing conditions...............cccccvenveen. 65
Table 4. VHN value of specimens heat treated at 1150°C ..........cccooveiiiieiine e 68
Table 5. VHN values of samples heat treated at 1200°C ..........ccccooveiiiieiiiee e 70
Table 6. VHN values of samples heat treated at 1250T .........ccccoovveiiie e 71

Table 7. Comparison of grain size and microhardness values between processing conditions
with high annealing twWin densSity ... 73

Table 8. The n values of best processing conditions in chapter 4.............cccccevvveevieeeveieenn, 98



List of Figures

Figure 1. SEM images showing the morphology of (a) gas atomized powder, and (b) water

ALOMIZEA POWAETB] ...ttt ettt ettt 8
Figure 2. Schematic of BJ process, figure reproduced from [11]........cccciiiiniiininiiieniiennns 9
Figure 3. Schemaitc of SLM Process, figure reproduced from [19]........cccoooveiiiiiiiiiinnnnne 11
Figure 4 Microstructure of as-fabricated stainless steel 316L via SLM[35]...........cccccevveennn 13
Figure 5. 2D appearance of twin DOUNAIIES ..........cccooiiiiiiiiiiie e 17
Figure 6. Curve of grain boundary energy versus misorientation angle[53] .............cc......... 19
Figure 7. Schematic of the laboratory induction heating System ............cccooceviiiiieiiiennnene, 28
Figure 8. A schematic of EBSD acquisition inside SEM ...........ccccceviiviiiine i 31
Figure 9. OM images of as-fabricated SLM SS316L at different magnifications................. 34
Figure 10. SEM images of as-fabricatd SS316L samples at various magnifications............ 35

Figure 11. OM images of SLM SS316L samples heat treated at 1150°C with rapid heating at
200°C/s and held for (a) 12min, (b) 24min, (c) 36min, (d) 48min, (¢) 60min; and with

furnace heating (~0.1°C/s) and held for (f) 12min, (g) 24min, (h) 36min, (i) 48min, (j) 60min

Figure 12. SEM images of SLM SS316L samples heat treated at 1150 <C with rapid heating
at 200CT/s and 0.1 T/S O 12-B0MIN......cciiiiiiieiiieiiieiee e 39
Figure 13. OM images of SLM SS316L samples heat treated at 1150°C and held for 12 min

At VArioUS NEALING FALES ........viiiiiee ettt et e e ae e e sree e e anaeeeeaeas 40



Figure 14. TEM image of SLM SS316L as-fabricatd samples and heat treated samples at
1150 C with 200C/s holding from 3-12MiN........cooiiiiiiieieee s 42
Figure 15. OM images of SLM SS316L samples heat treated at 1200°C and 1250°C and held
for 12 min at various Neating FateS..........ccvoiiiiiiiiiiee e 44
Figure 16. Relationship between grain size and heating rate for SLM SS316L samples heat
treated at different temperatures holding for 12min ..o 45

Figure 17. IPF and 1Q + Twin boundary results from 500*500um EBSD scans of 1150°C heat

treated samples from 12-60min at slow and fast heating rates............ccccooveiiieniieinennn. 48
Figure 18. Length twin density vs. holding time at 1150°C..........ccccccoiiviiiiinciec e 49
Figure 19. 1Q + GOS + Twin boundary at 1150°C ..........cccooiiiiiiriiieiieee e 52
Figure 20. GOS < 2° fraction vs. holding time at 1150°C ............cccoveiiiiiniineeeeee 53

Figure 21. Comparison of heating rates at 1150<C holding for 12min using induction rapid
12T L1 o PRSP SSURR SRR 54
Figure 22. Annealing twin density at different heating rates at 1150<C holding for 12min.54

Figure 23. IPFs of samples heat treated at 1200°C with various heating rates and holding

Figure 24. 1Q + Twin boundaries of samples heat treated at 1200°C with various heating
rates and NOIAING TIMES ......couiie e e e e e e s aee e 57
Figure 25. GOS + 1Q + Twin boundaries of samples heat treated at 1200°C with various
heating rates and holdiNg tIMES .........cvii i 58
Figure 26. Coherent and incoherent twin density vs. holding time at various heating rates at

L200°C. . 59

Xi



Figure 27. Recrystallization percentage vs. holding time at various heating rates at 1200°C

Figure 28. IPFs of samples heat treated at 1250°C with various heating rates.................... 61

Figure 29. 1Q + Twin boundaries of samples heat treated at 1250°C with various heating

Figure 30. GOS + 1Q + Twin boundary of samples heat treated at 1250°C with various
PEATING FALES ...ttt bttt ettt ettt e et e et et e nbe e 63

Figure 31. Coherent and incoherent twin density vs. holding time at 1250°C with various

NEATING FALES ... ittt ettt ettt et bt et e bt et e st e nb e 63
Figure 32. GOS < 2° fraction vs. holding time at 1250°C with various heating rates........... 64
Figure 33. Grain size vs. holding time at various temperatures and heating rates............... 67
Figure 34. Microhardness and standard deviation of samples heat treated at 1150°C......... 69
Figure 35. Microhardness and standard deviation of samples heat treated at 1200°C......... 70
Figure 36. Microhardness and standard deviation of samples heat treated at 1250°C......... 71

Figure 37. The relationship between recrystallization fraction and twin density at 1150,
2009 /S NEALING FALE.....c.veieitiee et et e e et e e et e e et e e e ert e e e s raeeesnaeeeanteeeannes 76

Figure 38. GOS distribution for samples heat treated at 200<€/s at 1150<€ for 6, 12, 24 and

Figure 39. Annealing twin density and length fractions of LAGBs and HAGBs vs. holding
time for 200°C/s rapid heating at 1150°C..........cccceoiiiieiiie e 77
Figure 40. GND density distribution map with highlighted twin boundaries for samples heat

treated at 200°C/s at 1150°C holding from 3-12min ..........cccceeiiiiiiiiee e 79

Xii



Figure 41. GND density distribution map with highlighted annealing twin boundaries at
200°C/s rapid heating at 1150°C holding for 24-48miN ..........cccccooiiiiieniiiiieee e 81
Figure 42. Illustration of grain boundary dissociation model, the thickness of each boundary
represents its interfacial energy. Figure reproduced from Meyers' research[72] ............ 81
Figure 43. TEM images showing the change of microstructure of as-fabricated samples and
samples heated at 200<€/s rapid heating at 1150 ...........ccooveiiiieiiiie e 83
Figure 44. Scatter points of the logarithum of converted coherent twin density and grain size
compared With GIeiter's MOdel ..o 86
Figure 45. Relationship between coherent twin density and grain size in induction rapid
PEATING ..ttt a e 88
Figure 46. Curve fitting to Pande's model at different temperatures: (2)1150<C, (b)1200<C,
(C)1250C ..ottt ettt ettt ettt ettt ettt ettt ettt 90
Figure 47. Relationship between recrystallization fraction and twin density of experimental
data at all temperatures and heating rates in induction rapid heating.............c..c.cccoen... 91
Figure 48. IMAK recrystallization kinetics analysis for samples heat treated at 1150<C....94
Figure 49. IMAK recrystallization kinetics analysis for samples heat treated at 1200<C....95
Figure 50. JIMAK recrystallization kinetics analysis for samples heat treated at 1250<C....96

Figure 51. Relationship between twin density increase and recrystallization rate (n value)97

Xiii



Acknowledgements

First of all, 1 would like to thank my advisor, Dr. C. Isaac Garcia, for his support and
guidance during my graduate studies. Dr. Garcia kept giving me challenging works and useful
suggestions during my study, and this made me go straight beyond my limits. | learned how to
keep a broader view while conducting a project and how to catch the important points while solving
a real problem. It’s my honor and pleasure to be your student and work under your supervision.

I would also like to thank my entire committee members, Dr. Qingming Wang, Dr. Scott
Mao, Dr. Susheng Tan, and Dr. Sung Kwon Cho, for spending their time to review and giving
feedbacks of my dissertation.

I would like to thank Dr. Chris Schade in Hoeganaes Corporation for providing the SLM
fabricated materials and necessary data for this research.

I would like to acknowledge my colleagues, Gregorio Solis, Tiffany Juan, Rafael Landa,
Zhanfang Wu, Luis Fellipe, Pedro Ciacco and Yuankang Wang, for their helps in my research.
Most times we worked in different projects, fields and materials, and our cross-linked discussions
could always bring me new ideas and improve my understandings. | also want to thank to all the
staffs, students and visiting scholars who have been working in our group.

Especially thank to Dr. Bo Jiang, who was a visiting scholar in our group for 6 months. He
is kind-hearted and has rich experience in metallurgy and steel alloys. He was my roommate during
he stayed in Pittsburgh. We worked together from morning to evening, and sometimes midnight if
necessary. We did body recreation and sports together. He provided lots of suggestions on my
research and paper writing, and we also overcame several troubles in our daily life. He was not
only a good colleague in research, but also a good friend after work.

Xiv



| want to thank all the faculty members, staffs and students in MEMS department, machine
shop and NFCF for advice and support in my PhD career, including trainings to learn a new
equipment, administrative registration and financial issues, useful comments in their research
fields which | was not familiar with. Thank you!

| want to thank my landlords, current and previous roommates for their patience and helps
on various problems in my life. | stayed in the same address ever since | arrived Pittsburgh, because
| felt happy and warm to live with them.

Finally, 1 would like to acknowledge my parents for their patience and support as well. |
can discuss everything with them and get useful suggestions. | can release my pressure during our

facetime interviews. | can always get their encouragements every time | feel upset. Thank you!

Yu Zhou

XV



1.0 Introduction

Stainless steel 316L (SS316L) is widely applied to chemical, marine and biomedical fields
due to its excellent ductility, corrosion and oxidation resistance. Recently, additive manufacturing
(AM), also well-known as 3-D printing, has attracted much interest from industries as a new
approach to fabricate SS316L components, as it provides a number of advantages such as energy
cost reduction, faster manufacturing periods and complex geometry control. This new approach
allows one to manufacture components from free digital 3-D model designs and build up the parts
layer by layer. The use of AM techniques not only allows for component designs that use less
materials and provide improved structural strength, but also can be used to process alloy

chemistries difficult to or not typically produced in the wrought or cast form.

1.1 Problem Statement

AM technology has a great potential in fabricating parts with complicate geometry due to
lower materials and energy cost and shorter producing period compared to traditional
manufacturing. However, AM fabricated metallic components are also facing challenges in
internal defects and anisotropic mechanical properties, which are introduced from its
manufacturing processes. Porosity takes place during AM process since inherent pores would be
trapped in between the powder particles due to lack of mechanical pressure, and these pores
become weak points when the parts are under load, limiting their high strength performance.

Anisotropic mechanical properties usually occur in high-energy based AM techniques, such as



selective laser melting (SLM) and laser engineered net shaping (LENS). The uniaxial heat source
and cooling direction control the growth of microstructure into a certain direction, causing a
variation of mechanical properties in different dimensions of the fabricated parts. Thus, to reduce
the variability in performance of these parts, it is necessary to heat treat the components. The post-
heat treatments modify their microstructure, and eliminate internal defects and hence reduce their
anisotropy.

The microstructure of conventionally produced metallic components can be changed by
the single or combined application of mechanical deformation and heat treatments. Changes in the
microstructure of 3D fabricated metallic components, by deformation is difficult due to their
complex geometry and not cost-effective. Therefore, heat treatment is usually the major way to
achieve changes in the microstructure, lower the porosity and reduce residual stresses of AM
fabricated metallic parts. However, the application of heat treatments often leads to a loss of
strength due to changes in the ultrafine microstructure obtained from rapid melting and cooling
during AM fabrication. The loss of strength is more critical in metallic systems where the
strengthening mechanisms are limited to solid solution and grain size, such as 316L austenitic
stainless steels. This grade of steel cannot be strengthened by phase transformation or precipitation
during heat treatment and subsequent cooling. The strengthening mechanisms in 316L stainless
steel are solid solution, fine grain and dislocation density.

Based on the current understanding and modifications to standard grades of austenitic
stainless steels, i.e. 316L, increases in yield strength have been obtained by solid solution
strengthening with nitrogen or by cold or warm deformations. A possible approach to increase the
strength of heat treated 316L. AM components is to produce special twin boundaries (incoherent

and coherent twin boundaries). These twin boundaries can act as obstacles to dislocation motion.



Using this idea, it is considered that by using high energy heating it is possible to introduce high
local stresses in the matrix of austenitic stainless steels. These local thermal stresses will be
equivalent to small deformations, hence increasing local strengthening. It is expected that the
introduction of thermal stresses would reduce the loss of strength by producing more twin
boundaries (incoherent and coherent) which provide stronger obstacles to dislocation motion than
line defects (i.e. dislocations) and point defects (i.e. solute atoms). A surface such as a boundary
impedes the motion of a dislocation along its slip plane length. Another benefit of using fast
heating, it reduces processing times. These ideas provide the goal of this study, which is to study
the impact of applying high energy through rapid heating to SS316L AM parts to optimize the
microstructure and mechanical properties. Of particular interest of this study is the formation and

response of annealing twin boundaries during rapid heating treatments.

1.2 Hypothesis

In traditional manufacturing, deformation + post annealing is the most common way to
form annealing twin boundaries in systems with low stacking fault energy. Austenitic stainless
steels is one of this systems. The formation of annealing twin boundaries is a consequence of
changes in the microstructure due to the overall reduction of energy of the system. It is
hypothesized that rapid heating will form more twins since it increases the amount of the energy
of the system and also induces local thermal stresses. More specifically, as the heating rate
increases, the twin density will increase due to higher energy input and larger thermal stress. This

is a consequence that heat conduction on austenitic stainless steels is not efficient. Therefore,



various heating rates at different temperatures will be applied to test this hypothesis. This

hypothesis will be revisited during discussions of the results.

1.3 Objectives

The primary objective of this research is to understand the effect of rapid heating on the
annealing twin boundary formation and distribution during post heat treatments of AM fabricated
SS316L components. The secondary objective is to provide a processing map as a guidance of post
heat treatment of AM fabricated components. More specifically, this research aims to answer
several research questions: 1) at what point in the post heat treatment will the AM specimens be
able to form annealing twin boundaries? 2) Is this mechanism similar as conventional
polycrystalline recrystallization and grain growth behavior? 3) Is there any preference of the
annealing twin boundary formation to some specific grain boundaries? 4) How will the annealing
twin density be related to the processing parameters of the post heat treatment? To answer these
questions, SS316L specimens fabricated through SLM process were used and studied. Various
heating rates, heating temperatures and isothermal heating times were applied. Optical microscopy
(OM) and scanning electron microscopy (SEM) has been used for the microstructural overview.
Electron back-scattered diffraction orientation imaging microscopy (EBSD-OIM) has been
applied for twin boundary identification and twin density measurements. Transmission electron
microscopy (TEM) has been used to study the change of microstructure and the formation of twin

boundaries. The results will be discussed in the following chapters.



2.0 Background

2.1 Metallic Additive Manufacturing (AM) Technologies

2.1.1 General Description

Additive manufacturing process, developed from rapid prototyping over three decades ago,
was designed for non-structural components. AM process aims to build up three-dimensional
components layer by layer with addition of materials following the geometry of pre-designed 3D
digital models. This approach gives one the freedom of materials composition selection and
complex geometry design, which is difficult to achieve through conventional manufacturing.
Moreover, AM process gets rid of the need for special tools such as casting molds or dies with
specific forms compared to conventional manufacturing due to its unique one-step fabrication
directly from digital designs to final parts, and therefore leads to significant improvements in cost
saving and capability in industrial applications. Consequently, metallurgical differences such as
mechanical anisotropy, residual stress and internal defects (porosity) occur in AM products and
these become critical challenges that needs to be overcame[1].

According to ASTM Standard F2792[2], metallic AM processes can be divided into the
following categories: 1) Directed energy deposition, which focused thermal energy is applied to
melt materials during deposition onto a substrate(such as laser engineered net-shaping (LENS)
technology); 2) Binder jetting (BJ), which applies a liquid bonding agent to selected areas to join
powder particles between the deposition of current layer and the next layer; and 3) Powder bed

fusion, which thermal energy fuses selected regions of a powder bed of materials (such as direct



metal laser sintering (DMLS) and SLM process). This research primarily focuses on components
fabricated through SLM process. These components represent the starting condition of the samples

used in this investigation.

2.1.2 Powder Material Fabrication

In metallic AM processes, the feedstock materials can be powders, wires or sheets
depending on the selected approach. For BJ process and SLM process, pre-alloyed powders are
applied as feedstock materials during fabrication. Powder atomization is the most productive and
popular route to manufacture pre-alloyed powders with desired particle size, distribution and
particle shape. The basic idea of atomization technique is to deliver energy by a certain fluid to a
stream of molten alloy, dispersing the liquid alloy into droplets and then solidify to form powder
particles. Based on the difference in fluid selection, atomization technique can be divided into gas
atomization and water atomization, which can fit well in different applications and are always put
together for comparison. There are also special technologies for fabrication of specific alloys, such
as electrode induction gas atomization and plasma atomization for fabricating Ti and Ti alloy
powders[3].

In gas atomization, molten alloys pass through nozzles and are dispersed into droplets by
high pressure gas (air or inert gas), and then solidify while falling into a collecting chamber. Since
the temperature of the section containing molten alloys is much higher, those liquid alloys would
not solidify in the nozzles and be able to form spherical shape to release surface energy before
solidification. Thus, gas atomization produces spherical shape powders with good packing and
flowing alloy powders with a size distribution in 15-300um. The final particle size depends on
various factors, such as metal flow rate, gas energy (performing as gas pressure and flow rate),

6



type of gas, nozzle dimensions and liquid metal temperature. Among these above, the flow rate of
metal and gas play the most important role. The final particle size D is proportional to the ratio
metal/gas flow rate, and the relationship between them can be approximately expressed in

Equation (2-1):

dMp/dt

dMg/dt (2-1)

where Mw is the metal mass and dMwdt is the metal mass flow rate, and Mg is the mass of gas
and dMg/dt is the gas flow rate. The coefficient o represents other factors which will influence
the final particle size, including liquid steel temperature, nozzle dimensions, etc[4].

In water atomization, high pressure water jets are applied to separate the stream of molten
alloys. The particle shape of water atomized powders is irregular with rough surface condition
since heat is extracted much faster during dispersion and the droplets solidify more rapidly due
to higher thermo-conductivity of water than gas. The induction of water can also cause partial
oxidation of the powder particles during water atomization due to the reaction between metal and
water. In some cases, other liquid fluids have been applied as an alternative of water to reduce
oxidation[5]. Similar as gas atomization, the major factors controlling the final particle size are
metal flow rate and water flow rate. Water atomization produces irregular shape powders with
lower packing density and flowing ability compared to gas atomization, but the cost is much
lower than gas atomization due to higher cost of compressed inert gas and vacuum environment
protection.

In metallic AM process, gas atomized powder is the preferred feedstock material due to
its uniform size distribution, good packing and flowing ability and smooth surface condition to

provide uninterrupted feeding of materials during fabrication. However, water atomized powder



has much lower cost than gas atomized powder, and has higher surface energy to release due to
its irregular shape, requiring lower energy input during fabrication. The selection of powder
depends on the process requirement balanced with cost. Figure 1 shows the morphology of gas

atomized powder and water atomized powder.

Figure 1. SEM images showing the morphology of (a) gas atomized powder, and (b) water atomized

powder[6]

2.1.3 Brief Overview of BJ Process

BJ process is an AM process to join powder particles using a liquid binder. It was originally
developed at Massachusetts Institute of Technology (MIT) in the 1990s and became
commercialized in 2010[7]. In this process, the system would analyze the pre-designed digital 3D
model and slice them into horizontal layers with fixed thickness. When the process starts, the
recoater will deposit a thin layer of powder material with pre-set thickness into the working zone.
Then a printhead passes through the powder bed and jets the binder to selected areas according to
the corresponding cross-section of horizontal layer. The binder is then dried by a heater and the

recoater deposits the next layer of powder. The green part is built up by repeating the previous

8



steps. After printing, the green parts sit inside the powder bed need to be cured at elevated
temperature to evaporate the solvent in the binder, to obtain certain strength to be picked up from
the powder bed. The green parts are then ready for the following high temperature densification
process such as sintering and hot isostatic pressing (HIP) to gain high density and strength. Figure
2 shows the schematic of a BJ process. In this process, the key factors are the selection of powder,
the size and distribution of powder[8], binder saturation[9] and the sintering cycle (temperature

and holding time)[10].

Working Zone
Recoater Print Head
(Feeding Powder) Deposited Powder Layers (Binder Jets)

l

Movable

Platform

Figure 2. Schematic of BJ process, figure reproduced from [11]

BJ process can be applied to fabricate both metallic[12-14] and non-metallic (ceramics[15-
17]) materials fabrication. The advantage of BJ process is that it can accept coarse particle size of
powder, which significantly reduces the cost of fine powder fabrication, and makes BJ process the
most cost-effective AM technique. Since no heating is applied during the printing process, and the
densification is achieved through sintering, the final components are expected to have no residual

stress. One disadvantages in BJ process is the post high temperature treatments which can take



much longer than the printing process, increasing the period of fabrication. However, this can be
overcome by stacking large batches of parts together in the entire building volume in one printing
route, since the parts printed in BJ process can lay in a loose powder bed without additional support.
The main limitation of BJ process is the porosity resulting from the sintering of the green parts
with low density, since no compacting pressure is applied during printing. Several studies have
been exploring various approaches to increase the density of the sintered parts such as using
bimodal powder mixtures[8] and applying hot isostatic pressing (HIP) after sintering[18].
However, achieving full density is still a major challenge on BJ components. The microstructure
of BJ printed parts is coarse, leading to low mechanical strength. Hence, BJ process is suitable for
situations if the printed parts are applied in functional fields, where strength is not a major concern

and porosity might be beneficial.

2.1.4 Brief Overview of SLM Process

SLM is one of the most popular powder bed fusion AM techniques to fabricate metallic
parts. Similar as the BJ process, it starts from analysis of a pre-designed 3D digital model to thin
horizontal layers. Figure 3 shows a brief schematic about how SLM process works. In this process,
the initial powder layers need to be fused on a substrate to level the build platform. A mirror-guide
laser beam then melts the metal powders in selected area of the powder bed, and the next layer of
powder is deposited over the previous deposited layer. Since a high energy laser beam is applied
and melting takes place during the printing process, the working chamber requires inert gas
protection to prevent from oxidation, which limits the size of working chamber in SLM process.
SLM process can fabricate a wide range of metallic materials such as Al-based alloys[19, 20], Fe-
based alloys[21, 22], Ti-based alloys[23, 24] and Ni-based alloys[25, 26]. The key processing
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parameters of SLM process includes laser power, laser scan speed, hatch spacing distance, hatch
styles, layer thickness, contour style, hatch overlap, etc. More commonly, a generated parameter,

energy density, E (J/mm?), is used to describe the energy input of SLM process:

E= (2-2)[27]

vxhx*t

Where P (W) is the laser powder, v (mm/s) is the laser scanning speed, h (um) is the hatch spacing
distance between the scanning tracks, and t (um) is the set value of layer thickness. The energy
density varies according to the type of material due to different thermal responses for those
materials, and by adjusting these processing parameters. SLM process can fabricate a wide range

of desired properties.

Scanning Mirror

E - Laser Resource
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Powder Feeder
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4

Deposited Powder Layers

Movable
Platform

Figure 3. Schemaitc of SLM Process, figure reproduced from [19]

Even though SLM process has flexibility in materials selection and control of properties,
it still has severe issues which may influence the build quality of the components. Residual stress

IS @ main concern, since it may lead to thermal deformations, cracks and distortions. The residual
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stresses are induced by the large temperature gradient due to rapid melting and cooling in printing
process. During printing, the previous solidified layer under the molten layer is heated up rapidly,
but its expansion is restricted by the solidified cold part underneath. This introduces a local residual
compressive stress leading to possible deformations and cracks if the stress exceeds the yield
strength of the material. On the other hand, the molten layer is rapidly cooled down and solidified,
but its shrinkage is restricted by the hot layer underneath, resulting in local tensile stresses. Studies
have been addressed to solve the problems caused by residual stress in SLM. M. Shiomi, etc. [28]
have investigated the residual stress distribution and development in SLM fabricated chrome
molybdenum steel mixed with copper phosphate and nickel components, and found that the largest
value of residual stress is in the top layer of the components. They also suggested three different
ways to reduce the residual stress: post stress relieving heat treatment, rescanning at each layer,
and heating up the base substrate. Liu, etc. studied the effect of energy input, scanning track length
and scanning strategy to residual stress, and suggested that stronger supports are necessary at both
ends of SLM fabricated parts to prevent wraps and cracks due to peak values of residual stress
occurring onset of the scanning tracks[29]. There are also many other studies related to the effect
of residual stresses in various materials regarding stress prediction and processing refinements can
be found in the literature[30-34].

Anisotropy of microstructure and mechanical properties is another issue of SLM products
which influences their performance. Due to the application of rapid melting and solidification in
build-up process, the growth of microstructure is highly dependent on the building direction and
the scan strategy, leading to anisotropic mechanical properties. Figure 4 shows an example of as-
fabricated SS316L microstructure in OM and SEM images via SLM process, and the black arrow

indicates the building direction. As shown in the OM picture, the melt pools are overlapped parallel

12



to the building direction, whereas the grains grow mostly perpendicular to the boundaries of the
melt pools following the heat flow direction. In the SEM image, sub-structures such as equiaxed
cellular grains and columnar grains growing parallel to the building direction can be observed.
Wakshum M. Tucho, etc. indicates that the formation of the sub-grains can be the consequence of
dislocation motion and segregation of heavy elements[35]. The formation of this grain morphology
can be explained using the G/V ratio in compositional fluctuation and super cooling theory, where
G is the liquid thermal gradient at solid/liquid interface of the melt pool, and V represents the
growth velocity of the solid/liquid interface. The increase of G and decrease of V prefer to form
more equiaxed cellular grains, and the inverse trend prefers to form more columnar grains[36, 37].

Thus, the G/V ratio can be used to predict the as-fabricated grain structure.

Figure 4 Microstructure of as-fabricated stainless steel 316L via SLM[35]

The SLM produced metallic parts show higher strength compared to conventional
manufactured parts due to the ultra-fine microstructure via rapid melting and high cooling rate
(~10°K/s)[38]. Qiu C. etc. summarized a comparison of mechanical properties of stainless steel in
between conventional manufacturing and SLM process using various fabrication strategies[39].
They indicated that the as-fabricated components were dominated by clusters of nano-sized y

needles or cells, within which nano-twinning and high dislocation generation would be revealed
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during deformation. However, the oriented microstructure from the SLM fabrication results in
anisotropic mechanical properties, which has been reported by many researchers. For instance, Im.
Y. D. etc. reported anisotropic tensile properties of SS316L fabricated via SLM process[40]. In
their research, the yield strength and tensile strength in the vertical direction were 521MPa and
617MPa, respectively, with 56.4% elongation. In the horizontal direction, the yield strength and
tensile strength were 583MPa (+12%) and 685MPa (+11%), respectively, with 50.2% (-11%)
elongation compared to vertical direction. Other reports of tensile properties anisotropy in SLM

process of various materials from previous researchers are listed in Table 1.
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Table 1. List of anisotropic tensile properties via SLM process

Material | Yield Strength | Ultimate Tensile Strength | Elongation(%) | Ref.
(MPa) (MPa)
Ti-6Al-4V 1093(h) 1279(h) 6(h) [41]
1125(v) 1216(v) 6(v)
Ti-6Al-4V 1195(h) 1269() 5(h) [42]
1143(v) 1219(v) 4.89(v)
Ti-6Al-4V 1137(h) 1206() 7.6() [43]
962(v) 1166(v) 1.7(v)
Ti-6Al- 1145(h) 1187(h) 7(h) [41]
AV/(stress 1132(v) 1156(v) 8(v)
relieved)
IN718 816(h) 1085(h) 19.1(h) [44]
737(v) 1010(v) 20.6(v)
Al-Si-10Mg 169(h) 272.8(h) 8.2(h) [45]
168.8(v) 267(v) 9.1(v)
SS316L 584(h) 667(h) 49(h) [46]
588(v) 622(v) 77(v)

The anisotropy in microstructure and mechanical properties of SLM fabricated components

Note: h = horizontal direction, v = vertical direction.
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will severely influence their performance in special applications, and several studies have been
investigating how to reduce and eliminate the anisotropic properties. Proper adjustment of

processing parameters and scanning strategy for more homogeneous residual stress distribution




and microstructure could reduce but not eliminate the anisotropy. Post heat treatment of the SLM
fabricated parts can effectively eliminate the anisotropy of microstructure and mechanical
properties, but it shows a delay in recrystallization and grain coarsening. For example, the
recrystallization temperature of SS316L deformed via conventional process is about 800°C[47],
but the SLM fabricated SS316L would not recrystallized and form equiaxed microstructure at this
temperature. Yan F. etc. reported that the as-built microstructure of SS316L via SLM process was
not removed at 800°C holding for 1h, and it started to be removed after heat treated at 1100°C for
1h[48]. Saeidi K. etc. reported that the as-built SLM fabricated SS316L microstructure became
equiaxed after heat treatment at 1400°C for 6min, and pointed out the unique annealing twin
formation which should occur in deformed parts prior to annealing[49]. Shamsujjoha Md. etc.
reported that evidence of recrystallization and grain growth of SLM fabricated SS316L was
observed after 13h annealing at 1100°C[46]. However, researchers also indicate that the post heat
treatments would lead to a decrease in strength.

In summary, SLM process is capable in most situation of metallic AM fabrication due to
its flexibility of material composition selection and the wide range control of mechanical properties.
Processing variables need to be carefully selected to prevent from residual stress generation and
formation of defects during fabrication. The as-built microstructure and mechanical properties may
be anisotropic due to the metallurgy of rapid melting and solidification. It can be improved via

post heat treatments, but needs cautious control in sacrifice of strength.
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2.2 Annealing twin boundary

The typical microstructure of SS316L which has low Stacking Fault Energy (SFE) and a
face center cubic (FCC) crystal structure is twin boundaries. Twinning occurs when two crystals
share part of the same crystal lattice points symmetrically, and the twin boundary separates these
two crystals. A 2D appearance of twin boundaries is shown in Figure 5. For AM produced
components, the twin boundaries formed in the post heat treatments are annealing twins, since the
parts are free of deformation. These special boundaries with low interfacial energy make
contribution to strength and ductility by acting as barriers of dislocation motion. Thus, it is
important to understand the mechanism of annealing twin formation in AM fabricated SS316L

parts.

N

Figure 5. 2D appearance of twin boundaries

2.2.1 General Description of Grain Boundaries

Most AM fabricated metallic parts are polycrystalline microstructures with grains in

various orientations, sizes and morphology. Grain boundary, defined as the interface of two
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crystals with different orientations, can significantly influence the properties of materials, such as
the occurrence of order and disorder, different energy levels, defects, segregations and
precipitations, interactions with dislocations at the grain boundaries.

A grain boundary can be characterized using 9 geometrical degrees of freedom[50], and
they can be divided into 5 macroscopic degrees of freedom and 4 microscopic degrees of freedom.
The 5 macroscopic degrees of freedom are one for the rotation angle 6 between the two crystals,
two for the rotation axis [uvw] defined by its direction cosines, and two for the orientation of the
grain boundary plane defined by its normal vector. The 4 microscopic degrees of freedom are three
for the translation of one crystal to the other (the rigid body translation vector) and one for the
normal vector to the grain boundary plane that indicates the position of the plane along its normal.
The 4 microscopic parameters are not independent of the macroscopic parameters, thus 5
macroscopic degrees of freedom are sufficient to characterize a grain boundary.

A simple way to describe the grain boundaries is to divided them into low angle grain
boundaries (LAGB) and high angle grain boundaries (HAGB) according to their misorientation
angle 0. Generally the grain boundaries with 6<10° are regarded as LAGBs, including interfaces
between two slightly misoriented grains and sub-grain boundaries formed within the grains due to
work hardening an heat treatment. Grain boundaries with 6>15° are regarded as HAGBs. The
presence of grain boundaries increases the system total energy from a single crystal, and generally
LAGBs contain lower energy than HAGBs. The interfacial energy of LAGBSs is highly related to

the misorientation angle 6. In 1950, Read and Shockley developed a model to describe the energy

of low angle symmetrical tilt grain boundaries ye in function of misorientation angle 6 using

equation (2-3) to (2-5)[51]:

Yo = Y00 (4 — Inh) (2-3)
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(2-4)

A= (2-5)

where p is the shear modulus, b is the Burger’s vector, v is the Poisson coefficient and ro is the
dislocation core radius. For HAGBEs, the situation for grain boundary energy is more complicated.
In 1989, Wolf expanded this model to HAGBs by substituting 6 by sin6[52]. Figure 6 shows the

trend of how the grain boundary energy changes with the misorientation angle.

Figure 6. Curve of grain boundary energy versus misorientation angle[53]

W. Bollmann raised up another approach to describe grain boundaries, which is well known
as the coincidence site lattice (CSL) theory[54-56]. The coincidence site lattice occurs at specific
misorientation angles where some lattice points of one crystal coincide with some lattice points of
its neighbor crystal. An integer X is used to characterize the CSL named as the coincidence index
defined by equation (2-6):
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Coincidence unit cell volume _ 1

(2-6)

- Crystal primitive unit cell volume - p

where p is the ratio of the coincidence sites to the total number of sites. Since CSL only occurs at
special misorientation angles, the > value varies discontinuously with the misorientation angle
around a given axis. Thus, a lower . value represents a higher degree of coincidence between two
crystal, and the boundary is expected to have a lower energy. However, it is necessary to know
that the 2 value is not exactly proportional with the grain boundary energy, and the energy depends

on the grain boundary plane for the same 2. value[57].

2.2.2 Annealing Twins in FCC Crystallographic Structure

Annealing twins form in deformed and subsequently annealed FCC materials with
intermediate (~70mJ/mm?) or low (~20mJ/mm?) stacking fault energy, and they were first
observed by Carpenter and Tamura in 1926[58]. In FCC crystal structure, the misorientation of the
twin boundary satisfies a 3 relationship in CSL theory, which is 60° about a rotation axis in <111>
direction. More specifically, if the twin boundary plane is parallel to {111} plane, it is called a
coherent twin boundary (CTB); otherwise it is called an incoherent twin boundary (ITB).

The special twin boundary is also a strengthening mechanism of FCC materials by inducing
high strain hardening rates, acting as both barriers to dislocation motion and source for dislocation
generation. In 1957, Blewitt found twinning as a mode of deformation mechanism in copper single
crystals subjected to tension at low temperature[59], and there have been many studies about
various FCC materials and various models of twinning deformation mechanism ever since then.
Venables proposed that the prismatic glide source could dissociate into a Frank-type pole

dislocation and Shockley type twinning partial, and rotating twinning partial caused the generation
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of jogs[60]. Majahan and Chin proposed that two coplanar glide dislocations with different
Burgers vectors dissociated into Shockley partials and finally evolved into the dislocation
configuration of three-layer twinning[61]. Other sources of twinning nucleation during
deformation have also been reported, such as 1/6<411>-type pole dislocation[62], faulted Frank
dipole[63] and double cross-slip[64]. T.H. Lee et. al investigated the twinning in deformation in
high nitrogen austenitic stainless steel, showing that their results supported Majahan and Chin’s
three-layer twinning theory[65]. Pei Gu et. al studied the role of slip and slip transfer in FCC
materials at nanoscale growth and deformation twinning in strengthening, and provided quantified
simulation results of the influence of slip as well as slip transfer to the formation and growth of
nanoscale twin boundaries[66]. Jiangwei Wang et. al studied the twinning dominated deformation
in nanoscale bce tungsten using in-situ atomic-scale observation with the help of high resolution
transmission electron microscopy, showing that twinning could also be a deformation dominant in
body center cubic (BCC) materials[67]. S.H. Joo et. al. studied the twinning contribution to the
strain hardening in high entropy alloy using tensile interrupted EBSD and TEM[68].

Annealing twins can form during recovery, recrystallization and grain growth, and they
make contributions not only in mechanical properties by acting as barriers of dislocation motion,
but also in corrosion and fatigue resistance. There are a lot of studies about controlling the grain
boundary character distribution (GBCD) to improve the properties by maximizing the amount of
special boundaries such as X3 twin boundaries via thermomechanical processing, which is also
well known as Grain Boundary Engineering[69, 70]. However, it is still controversial in annealing
twin boundary formation, and there are several theories about the formation mechanism of

annealing twins.
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2.2.3 Annealing twin formation theories

Previous researchers have been investigating the role of annealing twin formation, and they
have proposed several theories to explain the mechanism. Generally, grain size, temperature,
isothermal heating time, velocity of grain boundary migration, grain boundary energy and twin
boundary energy can be considered as important factors determining twin boundary frequency.
Texture, pre-strain or prior deformation and inclusions are considered as factors but usually not
being analyzed carefully.

Some researchers suggested that the annealing twins are formed by growth accidents.
Gleiter suggested that annealing twin formation is the result of grain growth accidents[71]. He
considered that the atoms transferring to a growing grain at a grain boundary are deposited on the
{111} facets during grain boundary migration, and this will lead to the formation of stacking faults.
He also suggested that the twin generation probability, R, depends on the activation enthalpy for
migration (Q), and the grain boundary migration driving force, which is equal to the difference in

Gibbs free energy (AG) across the recrystallization front. R can be represented by equation (2-7):

AG
R =exp m exp {(nglzr:lﬁ} (2-7)

Qve Qve

where ¢ is the energy of a step on the {111} plane, h is the height of a twin nucleus, y: is the surface
energy of a coherent twin boundary, k is the Boltzmann’s constant and T is the absolute
temperature. Meyers and Murr proposed that annealing twins form from grain boundary ledges
and diffuse by the migration of non-coherent twin boundaries with Shockley partials[72]. Mahajan

and his colleagues suggested that slip-induced damage during grain boundary migration increases
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the density of annealing twin boundaries, and different types of twins can be formed according to
the angle between the {111} facets and the corresponding grain boundary habit planes[73]. In
summary, they all agreed that the essential condition of annealing twin formation is grain boundary
migration, and this will lead to stacking faults. The grain boundary migration distance and velocity
are two key factors promoting the generation of twin boundaries.

Pande provided another growth accident model for annealing twin formation[74]. His
model is derived from the assumption that the increment of annealing twin boundary number per
grain, is proportional to the grain boundary migration driving force and the increase in grain size.
Since the twin density P is equal to N/D, the twin density decreases when number of twins per
grain (N) increases less rapidly than the grain size (D). The twin density P can be described as a
function of the arithmetic mean of grain size <D> in equation (2-8), by assuming that the driving

force only depends on the average grain boundary curvature:

p=— Kyyln

<D>

<D>
Do

(2-8)

where yq is the grain boundary energy, Do is the minimum critical grain size for the formation on
the initial annealing twin boundary, and K is a constant determined by fitting to experimental data.
The difference between Gleiter and Pande’s models is that Gleiter regarded that twin nucleation
occurs at a small angle to the migrating boundary, whereas Pande assumed twin formation almost
at right angle to the migrating boundary. According to the growth accident model, there should be
more annealing twin formation as the temperature increases.

There are also some studies stating that the annealing twin formation is the requirement of
the reduction of grain boundary energy. Fullman and his colleagues suggested that annealing twin

formation is the requirement of a reduction in the grain boundary free energy[75]. In this
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consideration, annealing twin boundaries could form at the corner of a growing grain when the
free energy of grain boundaries between the grain’s neighbors and its twin grain is less than it of
the boundaries between the neighbors and itself. The interaction with existing twin boundaries
during grain growth could stop the boundary migration due to the existence of a minimum free
energy position on the boundary. Twin boundaries which end within grains might also disappear
if the free energy at the end of a twin boundary is higher than it of the adjacent grain boundary. In
summary, they explained the initialization and disappearance of annealing twin boundaries during
grain growth from an energy view.

Randle and his colleagues investigated annealing twin formation in nickel and the
relationship with grain growth[76]. They proposed that twin boundary formation could be
independent of grain growth, because their results showed that once a certain twin density is
reached, it will not change by further grain growth. However, in the research of Song et al.[77],
they found evidence that annealing twin formation involves grain boundary migration, leading to
grain growth. Sumantra Mandal et al. studied the annealing twins and grain boundary character
distribution during anomalous grain growth in titanium modified austenitic stainless steel[78].
They found that the proportion of 3 boundaries increases during annealing due to the formation
of the new twin boundaries during grain growth, and these are mainly coherent twins. They also
found that the fraction of X9 boundaries increases at higher annealing temperature, while the
fraction of 27 boundaries remain constant, which indicates that only a few interactions occur
between twin boundaries during grain growth. Y. Jin et al. studied annealing twin formation during
recrystallization and grain growth in pure nickel[79]. They found that the average twin density
increases during recrystallization and decreases during grain growth. Higher migration velocity

and the inverse curvature of migrating boundaries prefer annealing twin formation. When grain
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growth decelerates, the formation of annealing twins decelerates more sharply due to the reduced
annealing twin boundary propagation. They also proposed that during grain growth, large grains
consume small grains and their twin boundaries but without producing new twin boundaries, and
curvature driven boundary migration is not sufficient to generate annealing twins. B. Lin et al.
have observed annealing twin nucleation at triple junctions of grain boundaries during grain
growth in nickel[80]. Their results showed that the twin nucleation at triple junctions of grain
boundaries reduces the total grain boundary energy, and the selection criteria for the triple points

should combine geometric and energetic factors.

2.2.4 Effect of Chemical Composition on Annealing Twins

Considering from both growth accidents and the reduction of overall grain boundary
energy, high density of annealing twin boundaries could be expected in materials with low stacking
fault energy (high possibility of stacking faults) and high energy grain boundaries. Since stacking
fault energy is sensitive to alloying addition, various equations about calculating stacking fault
energy of austenitic stainless steel from chemical composition have been proposed, and the effects
of different alloy elements have been discussed[81-85]. In austenitic grade stainless steel, the
content of carbon is insensitive to stacking fault energy[86]. The increase of silicon, chromium,
aluminum and titanium will decrease the stacking fault energy, and the increase of nickel,
molybdenum and niobium will increase the stacking fault energy. The stacking fault energy
decreases and then increases with the increase of manganese and nitrogen. Several equations and
models for stacking fault energy calculation based on chemical composition have been
proposed[87-90].
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From the view of grain boundary energy, Vynokur indicated that the conventional grain
boundary energy can be calculated through the surface energy of austenite and the temperature
coefficient of free energy[91]. He applied the inter-polational model to analyze austenitic grain
boundary energy and proposed that the conventional boundary energy decreases as temperature
increases due to the decrease in surface energy of iron for almost all alloying schemes. Therefore,
the influence of alloying elements to grain boundary energy can be characterized by analyzing the
changes in its temperature coefficient. According to his calculation in Cr-Mn-Mo austenitic steel,
the addition of Nm, Ni, V, Ce and Cu would not change the free boundary energy much; the
addition of Cr, Ti and Al would increase the free energy of grain boundary from 1000-1300°C; the
addition of Mo would increase the free energy of boundary at 1000°C but not change the energy
from 1100-1300°C.

In summary, the addition of Si, Cr, Mn, Al and Ti can be considered for the decrease of
stacking fault energy to increase the possibility of annealing twin formation, and the addition of
Cr, Ti and Al is considerable to increase the amount of high energy grain boundary with high
mobility to fit the requirement in reduction of boundary energy during grain boundary migration.

The impact of high energy (ultra-fast heating rates) heat treatments on the annealing twin
formation of low SFE materials has not received considerable attention in the literature. In addition,
the effect of low heat conductivity in austenitic stainless steels in terms of high local stresses has
not been published in the open literature. These two major points were the central drivers for this

work. The results were documented, discussed and presented in support of the original hypothesis.
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3.0 Experimental Procedure

3.1 Material Selection and Processing

The base material used in this research is SS316L, and there are several reasons for
selecting SS316L in this research. On one hand, SS316L is an austenitic stainless steel with FCC
crystallographic structure and low stacking fault energy. These characteristics promote annealing
twin formation, which fits the goal of this research. On the other hand, from the marketing view
of industries, SS316L is one of the most popular materials applied in additive manufacturing due
to its good mechanical properties at elevated temperature and corrosion resistance.

In this study, gas atomized powder was applied according to the requirement of the SLM
3D printing system. Samples with dimensions of around 20*8*5mm were fabricated via EOS 3D

printing system. The chemical composition of the applied powder is shown in Table 2.

Table 2. Chemical composition of gas atomized powder for SLM process

Element | C (0] S N Cr Mo Si Ni Mn Cu Fe

wit% 0.011 | 0.041 | 0.006 | 0.10 | 16.829 | 2.326 | 0.632 | 10.911 | 1.226 | 0.034 | Bal.

To study the effect of heating rate on annealing twin boundary formation, the fabricated
samples were then post-heat treated with various heating rate by using a high frequency laboratory
induction heating system. The system applies high frequency alternative current to a cyclic conduct
to produce flux, and the printed material is put in the coiling area to make the flux run through.

Eddy current will be generated in the direction of self-capturing with the rotary current, then the
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induced current generates heat. Figure 7 shows a schematic of the induction heating system, and
theoretically it is supposed to provide a heating rate as high as 700°C/s. The application of this
system can shorten the processing period. By applying this fast heating approach, the effect of

heating rate was investigated.
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Figure 7. Schematic of the laboratory induction heating system

In this study, three temperatures (1150°C, 1200°C, 1250°C) and three heating rates
(10°Cl/s, 100°C/s, 200°C/s) were applied using induction heating system with isothermal heating
time range of 3-60min. In addition, for comparison purposes, a control set of experiments were
done at 1150°C using conventional slow heating rates. After the heat treatments, all samples were

quenched using ice brine.
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3.2 Microstructural Characterization on OM and SEM

3.2.1 Sample Preparation

All samples were prepared via conventional sample preparation procedures. First of all, the
specimens were cut using an IsoMet precision diamond saw to prepare the samples for observation
and analysis of the cut cross-section interface. Then the samples were mounted with copper-based
conductive mounting powder at elevated temperature (~150°C) and pressure (~4200psi) for about
10 min by a compression mounting machine, to form cylinders with specimens at the center
position. The mounted samples were then ground with silicon carbide fine sand paper step by step,
starting from 400 grit to 1200 grit, and then polished with 0.05um aluminum oxide mixed in DI
water to eliminate the scratches created from previous grinding. Finally, the samples were
vibratory polished with 0.05um aluminum oxide suspension on a VibroMet™ for 3 hours to

prepare fresh and even surfaces.

3.2.2 Microstructural Observation

After preparation, samples were etched using a mixture of acid (HNO3:HCI:H20 = 1:1:1)
to reveal the general microstructure for observation in OM and SEM.

For OM observation, a ZEISS Smartzoom 5 Digital Microscope was applied in this study.
It provides various magnifications from 10x to 2020x, with a maximum resolution of ~0.56um.

For SEM observation, a ZEISS Sigma 500 VP SEM with Oxford Aztec X-EDS attachment

was applied. It is a field-emission SEM with a wide range of accelerating voltage (0.2-30kV) and
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can provide high resolution (1.5nm at 15kV). The attached energy dispersive X-ray analysis

spectrum can also provide information of elemental composition.

3.2.3 EBSD-OIM Analysis

Electron backscatter diffraction (EBSD) technique is for microstructural-crystallographic
characterization based on the acquisition of diffraction patter from a bulk sample in an SEM. It
can provide information about crystal orientation, misorientation distribution, grain boundary
characters, textures, etc. The EBSD acquisition system consists of a phosphor screen, a compact
lens and a CCD camera. In SEM, a specimen is highly tilted (~70°) from the horizontal towards
the diffraction camera to increase the contrast of the diffraction pattern. Samples for EBSD

analysis need to be flat. Figure 8 shows a simple schematic of EBSD analysis.
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Figure 8. A schematic of EBSD acquisition inside SEM

All samples were prepared via the same sample preparation procedure in section 3.2.1 to
obtain fresh and even surfaces for further EBSD analysis in order to acquire information about
misorientation distribution and grain boundary characters for twin boundary analysis. The
characterization was done using an FEI Scios FIB/SEM Dual Beam system with EDAX
EDS/EBSD microanalysis attachment.

For each EBSD scan, an area of 500pum * 500um was scanned with a hexagonal grid at the
step size of 1um at 200X magnification to include sufficient grains for analysis. After scanning, 4
steps of clean-up methods were applied to eliminate the erroneous data before further analysis:
grain dilation, grain CI standardization, neighbor CI correlation, neighbor orientation correlation.

Grain dilation method is an iterative clean-up method acting on points which does not belong to
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any grains. These points can be lack of indexing or belonging to a grain group with fewer members
than the minimum grain size, and they will be changed to match the orientation of the majority
grain which their major neighbors belong to. Grain CI standardization method is to change the
confidence index (CI) value of all points in a grain to the maximum CI found among these points.
This enables a point with low CI value but a similar orientation as that of its surrounding points to
be distinguished correctly in following data analysis. Neighbor CI correlation method performs on
data points with CI values less than the user defined minimum CI value, and changes their ClI
values to the neighbors with maximum CI values. Neighbor orientation correlation method exams
the data points with CI values less than the user defined minimum CI value. It checks if the
orientation of the point is different from its immediate neighbors than a given grain tolerance angle,
and if the required number of nearest neighbors is different, it checks the number of nearest
neighbors which represent like orientations to within the given tolerance angle. If all conditions
are satisfied, the orientation of the point will be changed to one of the neighbors satisfying the
previous conditions. For all clean-up methods, the grain tolerance angle was set at 5 degrees, the

minimum grain size was set at 2 pixels and the minimum CI value was set at 0.1.

3.3 TEM Analysis

Nanoscale crystallographic information about the twin boundaries and microstructure were
analyzed using a field emission gun TEM (JEOL JEM2100F) with accelerating voltage at 200kV,
vacuum level below 1.5*10°Pa, spot size = 1 and alpha = 3. For TEM observation, thin foils of
specimens with thickness smaller than 200nm were prepared through the following steps: 1) cut a

thin piece of sample with around 0.5mm thickness using an Isomet diamond saw cutter; 2)
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mechanically grind the thin piece via different grades of sand papers (starting from 240, and then
following 320, 400, 600, 800 and 1200) to a final thickness less than 60 microns (thickness was
measured using a screw micrometer during grinding); 3) use a mechanical punch to produce disk
specimens with a diameter of 3mm from the ground thin piece of sample; 4) use twin-jet
electrolytic polishing technology to penetrate a hole near the center of the 3mm disk specimens
(5% Perchloric acid dissolved in ethanol was used as the electrolyte solution); 5) if necessary, use
Argon ion milling (Model 1050 TEM Mill) to clean the sample surface and to expand the thin area
around the hole after twin-jet polishing. In order to prevent the change of microstructure due to
the heat during twin-jet polishing and ion milling, the twin-jet polishing was done at a temperature

below -20°C and the ion milling was done at a temperature below -120°C.

3.4 Microhardness Measurements

The microhardness of a material represents its ability to resist plastic deformation, and
therefore it can be used to evaluate the ultimate tensile strength. In this study, the Vicker’s criterion
was applied to evaluate the microhardness, and a LECO LM digital Vicker’s microhardness tester
was used for measurements with 300gf load and 10s dwell time. According to ASTM E92-82[92],

the Vicker’s hardness number (VHN) is defined by equation (3-1):

F 1.8544F
R
VHN = mr® - 72

(3-1)

where F is the load in kgf and d is the average diagonal length of indentation in mm.
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4.0 Results

4.1 General Observation of Microstructure

As mentioned in the previous chapter, the printed SLM SS316L specimens were heat
treated at various temperatures from 1150°C to 1250°C and held for 3-60 min, via heating rates of

10°C/s, 100°C/s and 200°C/s. The results of these experiments will be presented in this session.

4.1.1 Microstructure of As Fabricated Sample

First of all, the as-fabricated sample via SLM process was analyzed. Figure 9 shows the
OM images of the as-fabricated SLM SS316L. From the images, we can clearly see the built-up
layers of SLM process. The morphology of the melt pools overlapping parallel to the building
direction indicates that the fusion of the powder was sufficient during fabrication and the bonding

between the layers is strong.

200x 500x

Figure 9. OM images of as-fabricated SLM SS316L at different magnifications
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Figure 10 shows SEM images at higher magnifications of the microstructure of as-
fabricated SLM SS316L with a dendritic arm spacing of 1-2um. The SEM images show the
columnar grains growing from the melt pool boundary and growing further into the melt pool. The
growth direction of the grains is influenced by the competition between the preferred crystal
orientation and the preferred heat flux direction, the Marangoni flow [93] may cause changes in
heat transfer direction and the fluid flow in a melt pool. This explains why not all the columnar

grains grew along the direction perpendicular to the boundary of the melt pool.

lz_plr EMT = 20.00 kV Signal A= SE2 }1_;”171 EHT = 20.00 kV Signal A= SE2

WD= 85mm Mag= 5.00KX WD= 85mm Mag= 10.00KX

5000x 10000x

Figure 10. SEM images of as-fabricatd SS316L samples at various magnifications

4.1.2 Microstructure of Heat Treated Samples

The first set of heat treatments were done at 1150°C holding from 12 min to 60 min, with
rapid heating (200°C/s) (figure 11a-e) and furnace heating (~0.1°C/s) (figure 11f-j), respectively,
to reveal and compare the change of microstructure during heating with conventional slow heating
rate and rapid heating rate. Figure 11 includes the OM images showing the microstructure of SLM

SS316L samples after these heat treatments. For heat treatment at 1150°C, the overlapping melt
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pool structure disappeared after 12 min for both heating rates compared to figure 9. As the holding
time increased, the grains with irregular shape started to change to equiaxed morphology, and the
formation of new small grains indicated that recrystallization was taking place. Annealing twin
boundaries started to form and the amount increased as the holding time increased. After holding
for 48 min, the initial printing structure was almost completely removed with most of the grains
becoming equiaxed and increasing amount of annealing twin formation. Under this time interval
(12min) at 1150°C, even though it is difficult to observe big differences about the change of
microstructure and the time when annealing twin formation started to occur between rapid heating
and conventional furnace heating only via OM images, the rapid heating process has rapidly
shortened the processing period to get similar microstructure. Thus, the rapid heating technique

can achieve similar microstructure as conventional heat treatment with much less time.
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Figure 11. OM images of SLM SS316L samples heat treated at 1150°C with rapid heating at 200°C/s and held
for (a) 12min, (b) 24min, (c) 36min, (d) 48min, () 60min; and with furnace heating (~0.1°C/s) and held for (f)

12min, (g) 24min, (h) 36min, (i) 48min, (j) 60min
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Figure 12 shows the SEM images of the same series of samples as figure 11 shows. The
images show similar microstructural evolution as the OM images. In comparison with figure 10,
the initial sub-columnar grain structure disappears at the beginning of heat treatment. After holding
12min, annealing twin boundaries appear at both heating rates. The microstructure continuously
changes from irregular to equiaxed geometry. The microstructure of 200<C/s series samples are
finer than that of 0.1<C/s series samples. It is also found during sample preparation that the anti-
corrosion ability of SLM SS316L increases after heat treatments for both heating rates. Using a
mixed acid (HCI : HNOgz : H.O = 1:1:1), it takes about 30s to reveal the microstructure for as-
fabricated specimen. After heat treatments for 12-36min, the samples take about 60s to reveal the
microstructure, and the samples heat treated for 48-60min take more than 120s to reveal the
microstructure using the same reagent. The increasing in anti-corrosion ability after heat treatment
due to the appearance of annealing twin boundaries is consistent with Chen’s research, that the
best anti-corrosion ability of heat treated gas-metal arc additive manufactured (GMA-AM)
stainless steel 316L is the specimen heat treated at 1200C for 4hrs which annealing twin

boundaries occur[94].
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Figure 12. SEM images of SLM SS316L samples heat treated at 1150<C with rapid heating at 200<C/s and

0.1<C/s for 12-60min
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Based on the results obtained after holding 12min at 1150<C twin boundaries were
observed from the previous sets of samples, various heating rates were applied at same temperature
and holding time to see the effect of heating rate. Figure 13 shows the OM images of SLM SS316L
samples heat treated at 1150°C holding for 12min at various heating rates. The results showed that
holding for 12 minutes for a given heating rate, the initial melt pools disappeared. A comparison
of the images, the microstructure got finer and more twinning structure were observed as the

heating rate increased.

~0.1°C/s 10°Cl/s

100°C/s 200°C/s

Figure 13. OM images of SLM SS316L samples heat treated at 1150°C and held for 12 min at various heating

rates
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Figure 14 shows the TEM images of as-fabricated samples and heat treated samples
holding from 3-12min at 1150 <C with 200<C/s heating rate. Si-Mn-O inclusions were observed in
both as-fabricated samples and heat treated samples. These inclusions distributed in the sub-
structure in as-fabricated samples. During heat treatment, the inclusions were distributed in the
grains first (at 3min), and then interacted with grain boundaries in boundary migration (at 6min),
finally they were left behind the grain boundaries. The Mn-O inclusion can be from the powder
fabrication. It has been reported that Mn is easy to oxide on stainless steel 316L powder surface[95].
The Si-O inclusion can be due to the most negative Gibbs free energy and hence the highest oxygen

affinity during SLM process[96].
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As-fabricated 3min

6min 12min

Figure 14. TEM image of SLM SS316L as-fabricatd samples and heat treated samples at 1150 <C with 200<C/s

holding from 3-12min

Heat treatments were also done at 1200°C and 1250°C with ~0.1°C/s, 100°C/s and 200°C/s
heating rates and 12min holding times to obtain a broader map about the effect of processing
parameters. Figure 15 shows the OM images of SLM SS316L samples heat treated at 1200°C and
1250°C for 12min with various heating rates. Compared with figure 13, the microstructure became

more equiaxed as the temperature increased at all heating rates. For microstructures at 1200°C,
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there were a few areas of un-equiaxed grains, while grains were equiaxed in almost all over the
area at 1250°C. By comparing the level of equiaxed microstructure in figure 15 and it in figure
11e and figure 11j, it is clear that the transformation of microstructure from as-fabricated type to
most of equiaxed type takes around or less than 12min at 1200°C and 1250°C, while it needs to
take almost 60min at 1150°C. As expected the rate of static recrystallization was influenced
dramatically by temperature. Abnormal grain growth was observed at 100°C/s and 200°C/s rapid
heat treatments at 1200°C and 1250°C. The results seem to indicate that faster heating rates leads
to grain growth at higher reheating temperatures, as figure 16 shows. While at lower heating
temperatures, i.e., 1150 <C, faster heating rates produces an uniform grain size. It is difficult to tell
that faster heating rate leads to finer microstructure at 1200°C and 1250°C, which is different from

the trend at 1150°C.
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Figure 15. OM images of SLM SS316L samples heat treated at 1200°C and 1250°C and held for 12 min at

various heating rates
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Figure 16. Relationship between grain size and heating rate for SLM SS316L samples heat treated at

different temperatures holding for 12min

4.1.3 Summary

In this section, it has been presented the following microstructural changes as function of
reheating temperature for a given heating rate: 1) the progressive change of microstructure from a
rapid solidified or weld-like structure with overlapping melt pools to a microstructure containing
equiaxed grains and twin boundaries; 2) the kinetics of static recrystallization increased as function
of heating rate and reheating temperature; 3) at lower reheating temperatures the impact of
increasing heating rates resulted in finer microstructures; 4) after the microstructure changed from
a dendritic-like to a fully equiaxed grains, increasing reheating temperatures and heating rates led

to grain growth. These results are in good agreement with classical grain coarsening theories.

45



4.2 Annealing Twin Density Characterization

In this section, it will be discussed the formation and development of annealing twin
boundaries during heat treatment. The annealing twin density observed and measured using the
EBSD technique is presented. Since the crystal structure of SS316L is FCC type, boundaries which
satisfied X3 relationship (60° misorientation angle at <111> direction) were regarded as the total
amount of twin boundaries in EBSD analysis in this study. The X3 boundaries were characterized

with a CSL misorientation tolerance according to Brandon’s criteria [97] shown in equation (4-1):

Tolerance = Zﬁn (4-1)

Where K =15,n=0.5, and X is the coincidence index. Based on this twin misorientation tolerance,
a 23 boundary was considered a coherent twin boundary when its boundary plane coincides with
the twinning plane, which means the {111} plane of the crystals on either side of the boundary
must be aligned with the grain boundary plane. Theoretically, EBSD-OIM technique is not able to
process this 3-D criteria with only one scan on each sample since it provides 2-D scans. However,
based on Randle’s research[98], the boundary plane and the twinning plane are aligned. The check
of trace alignment can be provided by EBSD. Thus, coherent twin boundaries were identified
through this method via EBSD-OIM analysis in this study. The difference between the total twin

boundaries and the coherent twin boundaries was regarded as incoherent twin boundaries.
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4.2.1 Annealing Twin Density Comparison at 1150°C

Figure 17 includes a set of comparisons from EBSD scan results between rapid heating
rates and conventional low heating rates heat treatments at 1150°C. The soaking time at this
reheating temperature varied from 12-60 minutes. The first and third columns shown in figure 17
are the Inverse Pole Figures (IPF) of the conventional slow heating and induction fast heating
treatments. From the IPF’s, both slow heating and fast heating specimens show random preference
in crystallographic orientation. The second and fourth columns show the overall change in
annealing twin boundaries with increasing soaking time at slow and fast heating rates. The black
line represents high angle grain boundaries with misorientation > 15°. The red line, blue line and
yellow line represent £3, £9 and X27 boundaries, respectively. The amount of twin boundaries
increases as the soaking time increases, and most of the twin boundaries appear in equiaxed grains.
Both of the heat treatments conditions show low amount of the so called ‘twin variants’ £3"
boundaries (in this case £9 and £27 boundaries). An interesting observation is that at low heating
rates the nature of the as-solidified microstructure changes to a more equiaxed microstructure at
lower reheating temperatures and shorter times compared to the faster heating rates at the same
temperature. This is an interesting point because the thermal conductivity of an austenitic stainless
steel matrix (non-magnetic) seems to retard the heat transfer through the whole specimen when
high heating rates and short holding times are applied. To obtain similar microstructures the
holding time needs to be increased to at least 48 min, compared to 12 minutes during conventional

low heating rates.
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Figure 17. IPF and 1Q + Twin boundary results from 500*500um EBSD scans of 1150°C heat treated samples

from 12-60min at slow and fast heating rates
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Figure 18 shows the change of the coherent twin density and incoherent twin density with
holding time at 1150°C. The length twin density was calculated using the total length of the twin
boundaries divided by the scanned area. Both coherent and incoherent twin density increase as
holding time gets longer at both 0.1°C/s and 200°C/s heating rates at 1150°C. The curves of
coherent twin density in figure 18 show two steps of increase through the holding time. The
coherent twin density first increases to 4-6mm* after holding for 10-25min, and then dramatically
increases above 10mm after holding for 40min at both heating rates. The first increasing step of
coherent twin density in 200°C/s heating rate appears earlier than it in 0.1°C/s heating rate,
indicating that fast heating rate initiates the twin boundary formation faster than slow heating rate.
The coherent twin density of 0.1°C/s is higher than it of 200°C/s after the second increasing step,
but they are still comparable. The difference may be related to the lower thermal conductivity of

the austenitic matrix when fast heating rates are employed. Incoherent twin density shows similar

trend as coherent twin density.
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Figure 18. Length twin density vs. holding time at 1150°C
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Combining the twin density curves from figure 18 and the microstructure from figure 17,
it is clear that the increase of annealing twin density is highly related to the recrystallization process
that changes the microstructure from overlapping melt pool type to equiaxed grain type. EBSD
can provide information about grain orientation spread (GOS), which can be applied to measure
the percentage of recrystallization. In the GOS calculation in EBSD analysis, the difference of
misorientation angle between a point inside a grain and the mean misorientation angle of the grain
is calculated for every point in this grain, and the average value of this misorientation difference
is defined as the GOS value. It represents the degree of distortion of a grain, and recrystallized
grains are deformation-free, therefore it can be used to measure the degree of recrystallization.
Usually for grains with GOS < 3° can be considered as recrystallized grains[99], some researchers
may use the criteria GOS < 1°[100]. In this study, GOS < 2° was applied as the criteria of
recrystallization.

Figure 19 shows the results of EBSD analysis related to GOS at 1150°C. The red area
represents the area with GOS < 2°. The yellow line highlights the total £3 boundaries, while the
blue line only highlights the coherent twin boundaries. For both heating rates, most of the coherent
twin boundaries are distributed in recrystallized areas. Figure 20 shows the relationship between
the recrystallization percentage and the holding time at 1150°C. The recrystallization percentage
of the blue curve, which represents the conventional slow heating process, continuously increases
as holding time increases, indicating a steady recrystallization process. In comparison, the
recrystallization percentage of fast heating process (the orange curve in figure 20) shows a decrease
after 12min, and then a dramatic increase after 36min, indicating an increase in the kinetics of

static recrystallization process. The recrystallization rate of 200°C/s heat treatment is faster

between 0 and 10min than that of 0.1°C/s at the reheating temperature of 1150°C, and this provides
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the driving force to the initial increase of annealing twin density. The synchronous trend at the
beginning of the curves in figure 20 and figure 18 indicates that the initiation of the annealing twin
boundary is highly related to the beginning of recrystallization. By comparing the curves in these
two figures, the second increasing step of annealing twin density takes place when the

recrystallization percentage increases higher than about 65%.
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Figure 19. 1Q + GOS + Twin boundary at 1150°C
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Figure 20. GOS < 2° fraction vs. holding time at 1150°C

In order to investigate the effect of heating rate, 10<C/s and 100 <C/s heating rates were also
applied at 1150<C holding 12 min. Figure 21 shows the corresponding EBSD results using the
same legends as figure 17 and figure 19, and figure 22 shows the comparison of annealing twin
density at various heating rates. The results show that faster heating rate leads to finer and more
equiaxed microstructure and higher annealing twin density, at the condition of 1150<C reheating

temperature and 12 min holding time.
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Figure 21. Comparison of heating rates at 1150<C holding for 12min using induction rapid heating
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Figure 22. Annealing twin density at different heating rates at 1150<C holding for 12min
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In order to investigate the effect of temperature and heating rate, a series of experiments
using heating rates of 10°C/s, 100°C/s and 200°C/s were done at 1200°C and 1250°C holding from
3-12min. Figure 23-25 show the IPFs, 1Q + Twin boundaries and GOS + 1Q + Twin boundaries at
1200°C, respectively. The IPFs in figure 23 showed random crystallographic orientations for all
conditions. In figure 24, the black line represents high angle grain boundaries with misorientation >
15°, while the red line, blue line and yellow line highlight £3, £9 and £27 boundaries, respectively.
The initiation amount of annealing twin boundaries is higher at higher heating rate, as shown in
the first row of figure 24. The amount of annealing twins after 12min holding at 1200°C also
increases as the heating rate increases, as shown in the last row of figure 24. This is an interesting
result since it seems that at high temperatures and fast heating rates the holding times to obtain an
equiaxed (recrystallized) grain size can be reduced. Compared microstructures figure 17 (200<C/s
and 60 min at 1150<C) and figure 24 (200<C/s and 12 min at 1200<C). It seems that the thermal
conductivity in austenitic stainless steels increases with the reheating temperature. This implies
that the diffusion of heat is faster through the cross-section of the sample. In figure 25, the red area
represents the area with GOS < 2°. The yellow line highlights the total £3 boundaries, while the
blue line only highlights the coherent twin boundaries. Figure 25 shows that faster heating rate can
result in faster recrystallization kinetics, which is consistent with the observations after 1150°C
heat treatments. However, abnormal grain growth starts to take place at 1200°C for 12min holding
time at 100°C/s and 200°C/s. This can be due to higher grain boundary mobility from elevated

temperature and higher thermal stress induced by faster heating rates.
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Figure 23. IPFs of samples heat treated at 1200°C with various heating rates and holding times
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Figure 24. 1Q + Twin boundaries of samples heat treated at 1200°C with various heating rates and holding

times
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Figure 25. GOS + 1Q + Twin boundaries of samples heat treated at 1200°C with various heating rates and
holding times
Figure 26 shows the change of coherent and incoherent twin density along holding time at
1200°C at various heating rates. The twin density, i.e. more annealing twin boundaries, as the
holding time increases, and faster heating rates (100°C/s and 200°C/s) compared to slower heating
rates (10°C/s). However, the total annealing twin density does not show much difference between

100°C/s and 200°C/s heating rates.
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Figure 26. Coherent and incoherent twin density vs. holding time at various heating rates at 1200°C

Figure 27 shows the relationship between the recrystallization percentage (GOS < 2°) and
holding time at various heating rates at 1200°C. Similar to the results at 1150°C, faster heating
rate results in higher recrystallization rate. The recrystallization percentage is similar between
100°C/s and 200°C/s, and this corresponds to the twin density behavior. Comparing the three
curves in figure 27, there is a large increase in recrystallization rate when the heating rate increases
from 10°C/s to 100°C/s, but the increase in recrystallization rate is much smaller when the heating
rate increases from 100°C/s to 200°C/s. It seems that the effect of the increase of heating rate

decreases progressively, hence increasing the heating rate higher than 200°C/s is less efficiency.
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Figure 27. Recrystallization percentage vs. holding time at various heating rates at 1200°C

Figures 28-32 show the same series of results from EBSD scans of samples heat treated at
1250°C holding for 3-12min at various heating rates, as shown in figures 23-27. Being different
from 1200°C heat treatments, 200°C/s heating rate showed the highest increase in annealing twin
density and recrystallization fraction compared with 100°C/s and 10°C/s. The reason of this
behavior is that the process kinetics of recrystallization and grain coarsening is much faster due to
the increase of temperature. For example, to reach similar percentage of recrystallization, i.e. 86%,
at 1200°C it took 12min while at 1250°C took less than 3min. Thus, using the same time scale at
1200°C and 1250°C does not represent the same stage of the kinetics of the recrystallization
process. For example, the recrystallization results at 1150°C in figure 20 are taken as the basis to
represent the whole recrystallization process, then the curves at 1200°C in figure 27 show similar

trends in the 10-50min at 1150°C, while the curves at 1250°C in figure 32 show the similar trend
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as 25-50min at 1150°C. Therefore, the curves at 1250°C are consistent with the trends showing in
them at 1150°C and 1200°C, even though they look less regular. The non-monotonically
increasing in recrystallization rate with holding time proves again that the rapid heating process
using induction heating system is a dynamic process. The microstructure after 6min and 200°C/s
heating rate looks finer than it of both 3min and 100°C/s, and 3min and 10°C/s. After 12min
holding, the 200°C/s has the coarsest microstructure. This indicates that faster heating rate can
provide finer initial recrystallized microstructure, but these finer grains will grow faster if soaking

for a longer time. This is also consistent with the observations at 1150°C.
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Figure 28. IPFs of samples heat treated at 1250°C with various heating rates
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Figure 29. 1Q + Twin boundaries of samples heat treated at 1250°C with various heating rates
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Figure 30. GOS + 1Q + Twin boundary of samples heat treated at 1250°C with various heating rates
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Figure 31. Coherent and incoherent twin density vs. holding time at 1250°C with various heating rates
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Figure 32. GOS < 2° fraction vs. holding time at 1250°C with various heating rates

4.2.2 Summary

In general, the annealing twin density is highly related to the evolution of microstructure.
At 1150C° and 1200°C, the annealing twin density and the recrystallization percentage increase
as heating rate increases, while at 1250°C they do not show the same trends. The coherent twin
density and incoherent twin density show similar responses to the change of processing
parameters.

In all induction rapid heating treatments, the highest coherent twin density is 13.54/mm
obtained at 1250°C and 100°C/s holding 6min, and the highest incoherent twin density is
45.59/mm obtained at 1250°C and 10°C/s holding 12min. The highest recrystallization percentage

is 97.7% obtained at 1250°C and 200°C/s holding 12min. There are other processing conditions
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which also obtain high annealing twin density comparable to the maximum value (higher than 70%
of the maximum value), and these conditions are listed in table 3 (where T is the reheating
temperature, T’ is the heating rate, t is the holding time, CTD is coherent twin density, ITD is

incoherent twin density, RXN is recrystallization percentage).

Table 3. Summary of high annealing twin density processing conditions

T (°C) T (°Cls) t (min) CTD (mm?) | ITD (mm™) RXN (%)
1150 200 48 10.99 30.11 82.4
1200 100 12 11.65 36.57 78.9
1200 200 12 10.24 34.06 86.4
1250 10 12 13.26 45.59 87.1
1250 100 3 12.29 36.68 91.8
1250 100 6 13.54 42.85 77.2
1250 200 6 10.08 40.75 60.9

4.3 Grain Size Measurements

Grain size represents the average scale of a microstructure, and it is highly related to the
strength of a material , such as the relationship between the yield strength and grain size described

by the Hall-Petch equation[101]:

gy, =0 + NG (4-2)
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where oy is the yield strength, oo is a material constant for starting stress of dislocation movement,
ky is the strengthening coefficient, and d is the average grain size.

In this study, the size of a grain is defined as its equivalent diameter of a circle with the
same area as the grain. Since the specimens cover various stages in recrystallization process, the
size of the grains in one sample could be a bi-modal distribution with a few of large grains and a
lot of small grains, and the average value of grain size is no longer proper to represent the scale of
microstructure. In order to make the grain size value representative to the corresponding
microstructure, the grain size was calculated according to area average method with the
consideration of the ‘area weight’ of each grain. It means to multiply the diameter of each grain
by the area of the grain, and then sum them together and divided by the total areas of all grains. In
this way, the calculated grain size should be the average of a total consideration of all grains, and
it should be close to the grains occupying the highest area fraction, which should be representative
enough. For each sample, more than 100 grains were measured in this study. Coherent twin
boundaries were not considered as grain boundaries in this measurement since they are stable and
less likely to move due to their low energy state.

Figure 33 shows the relationship of grain size and holding time at various temperatures and
heating rates. The 200°C/s fast heating treatment results in a smaller grain size than conventional
slow heating treatment at 1150°C, indicating the ability of induction rapid heating to refine the
microstructure. For all induction fast heating treatments, generally grain size increases as holding
time and temperature increases. Some small decreasing trends at short holding times in the curves
shows that the process is dynamic, and the decrease can be due to formation of new grains. Faster
heating rates can provide finer grain size during the early stage of recrystallization, but the grain

size is sensitive to holding time. Once the holding time gets too long, the finer grains formed
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through faster heating rates will rapidly become coarser, which will decrease the strength of the

material.
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Figure 33. Grain size vs. holding time at various temperatures and heating rates

4.4 Microhardness Measurements

Microhardness was also measured in Vicker’s criterion for each sample to evaluate the
influence of microstructure to strength. For each sample, 12-15 points were measured, and the
average value of VHN and standard deviation were calculated the results. The VHN of as-
fabricated SLM SS316L specimen is 221.38, with a standard deviation of 7.8.

Table 4 and figure 34 show the microhardness results of samples heat treated at 1150°C.
The AVHN means the difference between the as-fabricated specimen and the heat treated
specimens. For both heating rates, the microhardness shows a decreasing trend as holding time
increases, which makes sense since the microstructure releases the residual stress and transforms
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from a stress-residual structure to a stress-free structure during heat treatment. In addition, the
microstructure is undergoing recrystallization and the grains getting coarser. However, this
microstructure will exhibit less anisotropy than the as-deposited microstructure. For the samples
reheated at 0.1°C/s using a conventional furnace heat treatment, there is an increase of
microhardness at 48min, while for the 200°C/s induction rapid heating there are two places of
increasing of microhardness at 12min and 48min. By comparing the hardness results with the twin
density results in figure 18, the increases in microhardness are found to correspond to the increases
of annealing twin boundaries density. This indicates the contribution of annealing twin formation
and development to strength of the material. In general, 200°C/s rapid heating provides higher
microhardness values than the conventional furnace heat treatment with slow heating rate (0.1°C/s).

This is due to the combination of finer grain size and higher twin boundary density.

Table 4. VHN value of specimens heat treated at 1150°C

AS
3min 6min 12min 24min 36min 48min 60min
fabricated
0.1°Cl/s 201.38 | 178.81 | 170.60 | 180.57 | 170.26
AVHN 20.00 42 57 50.78 40.81 51.12
221.38

200°C/s 198.56 | 193.94 | 197.42 | 186.44 | 176.43 | 188.60 | 171.15
AVHN 22.82 27.44 23.96 34.94 44 .95 32.78 50.23
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Figure 34. Microhardness and standard deviation of samples heat treated at 1150°C

Table 5 and figure 35 show the microhardness results of samples heat treated at 1200°C
via induction heating system with different heating rates. The AVHN means the difference between
the as-fabricated specimen and the heat treated specimens. At this temperature, 200°C/s heating
rate provides the highest microhardness at the beginning of heat treatment and also after
recrystallization at 12min. The 100°C/s heating rate has a sudden drop of microhardness at 12min.
There is a strong correlation between twin boundary density and grain size. That is, when full
recrystallization takes place, the grain size starts to coarsen and the twin boundary density starts
to decrease. These metallurgical events are well understood in the literature, what is not well-
known is the effect of heating rate on recrystallization and twin boundary density. The
understanding of these reactions is essential to decrease the anisotropy and improve the

performance of 3D printed metallic materials.
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Table 5. VHN values of samples heat treated at 1200°C

As fabricated 3min 6min 12min
10°Cl/s 197.32 195.28 184.60
AVHN 24.06 26.10 36.78
100°C/s 195.43 196.26 163.76

221.38

AVHN 25.95 25.12 57.62
200°C/s 201.85 194.51 186.14
AVHN 19.53 26.87 35.24
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Figure 35. Microhardness and standard deviation of samples heat treated at 1200°C

Table 6 and figure 36 show the microhardness results of samples heat treated at 1250°C.
The AVHN means the difference between the as-fabricated specimen and the heat treated

specimens. At this temperature, the microhardness value is lower than the previous two
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temperatures. Even though the structures are most recrystallized and generated high annealing twin

density, grain coarsening starts after 3min short holding time, and this leads to the decrease of

microhardness.

Table 6. VHN values of samples heat treated at 1250<C

As fabricated 3min 6min 12min
10°Cl/s 173.93 168.52 165.57
AVHN 47.45 52.86 55.81
100°C/s 167.16 164.29 160.51
221.38
AVHN 54.22 57.09 60.87
200°C/s 184.49 180.90 161.34
AVHN 36.89 40.48 60.04
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Figure 36. Microhardness and standard deviation of samples heat treated at 1250°C
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4.4.1 Summary

In general, as-expected microhardness decreases as temperature and holding time increases
during heat treatments. The microhardness value is an overall reflection of the influence from both
the annealing twin boundaries and the grain size. Grain coarsening can severely decrease the
microhardness, and in this situation high annealing twin density will not help to maintain the

strength of the material.

4.5 Result Summary of Best Processing Conditions

This summary is trying to provide a general consideration of microstructure consisting of
annealing twin density, grain size and microhardness. In table 3 in section 4.2.2, seven optimal
conditions with high annealing twin densities were listed. Table 5 shows a comparison of grain
size and microhardness values between these conditions, where GS is short for grain size, and

VHN represents the Vicker’s microhardness number.
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Table 7. Comparison of grain size and microhardness values between processing conditions with high

annealing twin density

Condition
T(°C) | T’(°C/s) | t(min) | CTD(mm™?) | ITD(mm?) | GS(um) VHN
No.
1 1150 200 48 10.99 30.11 59.24 188.60
2 1200 100 12 11.65 36.57 80.24 163.76
3 1200 200 12 10.24 34.06 71.40 186.14
4 1250 10 12 13.26 45.59 109.56 165.57
5 1250 100 3 12.29 36.68 99.75 167.16
6 1250 100 6 13.54 42.85 87.99 164.29
7 1250 200 6 10.08 40.75 63.12 180.90

From table 7, it is clear that both grain size and annealing twin density contribute to the

strength of the specimen. For example, condition 2 has a higher twin density than condition 1, but

it also has a much larger grain size than condition 1 which leads to a lower hardness. Condition 4

has a larger grain size than condition 2, but it also has a larger annealing twin density than condition

2, and their hardness values are comparable. Condition 1, 3 and 7 show the highest microhardness

values in the seven conditions with high annealing twin density, and the corresponded processing

parameters are highlighted in red color in table 7. All three best conditions are at the maximum

heating rate (200°C/s) applied in this study, and this clearly shows the contribution of fast heating

rate to obtain good annealing twin density and good strength.
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5.0 Discussions

5.1 Annealing Twin Formation in Induction Rapid Heating

According to the results listed in chapter 4, annealing twin boundaries make contribution
to the strength of the material. Thus, it is important to understand the impact of induction heating
on annealing twin formation and its development. As described in the literature review in chapter
2, annealing twin formation can be related to many factors, such as temperature, grain boundary
migration velocity, boundary energy, etc., and these twin boundaries can be formed during
recovery, recrystallization and grain growth. The formation of the annealing twin boundaries is a

result of grain boundary migration and the preference of the system to stay at a low energy status.

5.1.1 Annealing Twin Formation Mechanisms

As shown in chapter 4, the increasing of annealing twin density seems to be strongly related
to the kinetics of recrystallization. This observation is illustrated in figure 37. The blue and orange
curves in figure 37 represents the relationship between the recrystallization fraction and the length
density of coherent twin density and incoherent twin density, respectively. The green curve
represents the relationship between the recrystallization fraction and the number of coherent twin

boundaries per grain (Ng). This relationship was calculated using the following equation:

Ng =—— (5-1)
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where N1 represents the number of grains without considering twin boundaries as grain boundaries,
and N represents the number of grains by considering twin boundaries as grain boundaries. The
number of coherent twin boundaries per grain increases as the recrystallization fraction increases,
and it increases from about 0.2 to 0.5 during the 200<€/s rapid heating at 1150<€. Both coherent
and incoherent twin density increases as the recrystallization fraction increases, but the increasing
rate drops between about 42%-78% recrystallization. This is contrary to the previous studies in
FCC materials where the annealing twin density increases as recrystallization fraction increases in
an exponential relationship[80, 102]. This can be explained by the dynamic process of induction
rapid heating, and figure 38 clearly shows the dynamic property of the process by showing the
GOS distribution of various holding times of samples heat treated at 200€/s at 1150<€.

In figure 38, the curve for 6min has a large spread from 12699n GOS value, indicating that
most of the areas are not under recrystallization. The curve for 12min shifts to the left compared
with the 6min curve, indicating the increasing fraction of recrystallization. The 24min curve
contains lower area fraction at low GOS value and it spreads the GOS value range again,
suggesting that part of the sample become under strain again due to the thermal stress, which
proves the dynamic property of induction rapid heating process. The curve of 48min holding time
narrows the spread in GOS value to a range of 0-39 which means most of the areas are under
recrystallization. However, the small peaks between 3-59show that the sample is still under the
load of thermal stress.

Since the induction rapid heating is a dynamic process, it is less likely to relate the
annealing twin density to recrystallization fraction in a simple way. The formation of annealing

twin boundaries needs to be further studied.
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Figure 39 shows how the annealing twin density and length fractions of low angle grain
boundaries (LAGBs) and high angle grain boundaries (HAGBSs) change with holding time for

76



200°C/s rapid heating at 1150°C. In this study, grain boundaries with misorientation angle < 15°
are defined as LAGBs and those with misorientation angle > 15° are defined as HAGBs. Since the
investigating object of this study is annealing twin boundaries, all X3 boundaries have been
excluded from HAGBs. Recalling from figure 20 in section 4.2.1, there are two steps of annealing
twin density increasing during the rapid heating process. The curves in figure 39 shows that the
first increasing step of annealing twin density is along with a decreasing in fraction of LAGBs and
a small increasing in fraction of HAGBSs, indicating that LAGBs change to annealing twin
boundaries and HAGBs at the early stage of rapid heating process. This trend suggests that sub-
grain growth may occur at the beginning of the heat treatment, and part of the LAGBs become
HAGBS during sub-grain boundary migration. The annealing twin boundaries can then be formed
from the migration of HAGBSs during this period. Figure 33 in section 4.3 shows that the grain size
slightly increases at the early stage, indicating that HAGB migration takes place, which supports

the possibility of annealing twin formation due to migration of HAGBSs.

35 90
- 80
i 70
€ 128 S
£ 60 >
£ 5
5 -
wv
é:) 15 40 _§
©
c 30 5
am— 10 ~ o
. ~.} 20 ?
5 (_,,y’/ — TR P = 10
0 — 0

Holding time/min

——Coherent twin density Incoherent twin density LAGB%  =——HAGB%

Figure 39. Annealing twin density and length fractions of LAGBs and HAGBs vs. holding time for 200°C/s

rapid heating at 1150°C
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Figure 40 shows the geometrically necessary dislocation (GND) density distribution map
with highlighted total £3 boundaries and coherent twin boundaries for 200°C/s rapid heating
treatment at 1150°C holding from 3-12min. The GND density is calculated from the local
misorientations according to D.P. Field and colleagues[103]. Standard preset sets of slip systems
are entered according to the crystal structure, and the calculation considers both edge and screw
dislocations. This approach does not consider misorientations larger than 15° in the calculation of
GND. The GND density can be regarded as the lower bound of the statistically stored dislocation
density in the sample, and the value is inversely proportional to the step size during acquisition.
The relationship between the GND density and the real dislocation density is illustrated in A.C.
Leff’s work[104]. It can be assumed that the GND density is approximately proportional to the
statistically stored dislocation density. In figure 40, the white-to-red background color represents
the GND density from low to high, and the maximum value of the GND density is 10°/m?. The
black line highlights HAGBSs, while the green and blue lines highlight £3 boundaries and coherent
twin boundaries, respectively. At the early stage of rapid heating process, the incoherent X3
annealing twin boundaries (the green lines not overlapping the blue lines) form inside grains or
from HAGBs. The formation inside grains can be resulted from sub-grain rotation and growth, and
the formation from HAGBs could be due to HAGB migration. Being different from incoherent
twin boundaries, most of the coherent twin boundaries (blue lines) form from HAGBs at areas
with high GND density, and there are loss of dislocations in those grains where the coherent twin
boundaries form. This is consistent with Y. Jin and colleagues’ research[79] that annealing twin
boundaries form at boundaries migrating into strained regions. According to some other researches

done in similar FCC materials such as Cu and Ni based alloy[105, 106], this annealing twin
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formation mechanism could be explained by the growth accident model which is described in

Chapter 2.
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Figure 40. GND density distribution map with highlighted twin boundaries for samples heat treated at

200°C/s at 1150°C holding from 3-12min

Figure 41 shows the GND density map with highlighted annealing twin boundaries at
200°C/s rapid heating at 1150°C holding for 24min, 36min and 48min, the legends on this figure
are the same as in figure 40. The areas highlighted with a red circle in samples after holding for
24min and 36min represent annealing twin formation due to grain boundary dissociation. Based
on this observation, a grain boundary with high energy, i.e. HAGB decomposes into a coherent
twin boundary, an incoherent twin boundary, and a newly formed grain boundary with lower
energy. This agrees with the grain boundary dissociation model of annealing twin formation by
Meyers and Murr[72]. A simple illustration of this mechanism is shown in figure 42. With two
adjacent grains A and B, the grain boundary AB (the black boundary) decompose into a coherent
twin boundary (the green boundary), an incoherent twin boundary (the red boundary) and a lower

energy grain boundary BC (the blue boundary) by the formation of a new grain C twinned to grain
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A. This type of annealing twin formation happens when the interfacial energy y of each boundary

satisfies the following condition:

Ycre © Vite T Vec < Vas (5-2)

Thus, it cannot happen between random adjacent grains with random grain boundaries. The
relative orientation of grain A and B should be in some range that the newly formed boundary BC
which contains lower interfacial energy than boundary AB. The annealing twin formation in this
mechanism does not require the migration of the high energy grain boundary AB. This is the reason
why this mechanism of slow grain growth is observed in samples after holding for 24min and
36min, shown in figure 33. The driving force for this type of annealing twin formation should be
the reduction of the interfacial energy of the system. This is in good agreement with several
authors.[107-109].

The highlighted red circle areas in the sample after holding for 48min presented in figure
41 show another type of annealing twin formation due to HAGB migration. In this case, coherent
twin boundaries form on the back of HAGBSs migrating to a higher strained region, and the formed
twin grains contain much lower GND density. This indicates the formation of annealing twin
boundaries from migrating HAGBS, thus there is a reduction of the stored energy of the system by
consuming the dislocation density where twin formation takes place. Recalling figure 33, the grain
size increases at holding times of 36min to 48min compared to 24min to 36min, indicating a more
active grain boundary migration during this period. This observation is again consistent with the
growth accident model [71] which is based on grain boundary migration. Areas with higher GND

density can still be observed in grains which have already formed annealing twin boundaries, and
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this suggests that the induction rapid heating process is a dynamic process due to the continuous

load caused by the thermal stress between the surrounded environment and the heated sample.
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Figure 41. GND density distribution map with highlighted annealing twin boundaries at 200°C/s rapid

heating at 1150°C holding for 24-48min
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Figure 42. lllustration of grain boundary dissociation model, the thickness of each boundary represents its

interfacial energy. Figure reproduced from Meyers' research[72]

The observation via TEM gives a clearer idea about the change of microstructure and the
formation of annealing twin boundary during induction rapid heating process. Figure 43 shows a
series of TEM images of as-fabricated sample (labelled as AF) and samples heat treated at 200°C/s
rapid heating at 1150°C. The as-fabricated sample from SLM process shows a cellular
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microstructure with high dislocation density. The dislocations are present in a network form
generating on the boundaries of cells, which should be due to the development of internal stress
and localized strain during rapid solidification in SLM process. When heated to 1150<C and held
for 5 seconds, the cellular structure starts to disappear and dislocation density starts to decrease.
Stacking faults are observed to take place both inside a grain and on a grain boundary. After
holding for 3min, more stacking faults associate to grain boundaries. After holding for 6min,
stacking faults start to grow from grain boundaries. Since in FCC crystals a stacking fault can be
regarded as a very small twin boundary with a thickness of one atom layer, the accumulation of
stacking faults growing from grain boundaries indicates the initiation of twin boundary formation.
The 12min holding time sample shows another example of annealing twin initiation at a grain
boundary and then propagates into the grain in the left image. The right image after 12min holding
time shows a formed twin boundary with lower amount of dislocations in the newly formed
twinned grain, supporting the observation in EBSD that the formation of annealing twin
boundaries decreases the stored energy of the system by consuming dislocations. After holding for
48min, more stable annealing twin boundaries have formed, but associations of dislocations and
stacking faults onto grain boundaries can still be observed. This is probably due to the induction
heating process and the lower thermal conductivity of the system. That is, rapid induction heating
is dynamic process, in which the sample continuously experiences the thermal stress caused by the
temperature difference between the environment (at room temperature) and the sample itself (at

the heat treatment temperature).
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Figure 43. TEM images showing the change of microstructure of as-fabricated samples and samples heated at

200<€/s rapid heating at 1150€
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In summary, two types of annealing twin formation mechanisms are observed during the
rapid heating process. The growth accident mechanism takes place when grain boundaries show
higher mobility. The phenomenon of grain boundary dissociation takes place in lower energy grain
boundaries which will exhibit less mobility. The annealing twin density increases as the
recrystallization fraction increases. However, the relationship between them does not exactly
matches the previous studies about annealing twins in other FCC materials. This difference in

behavior is most likely due to the impact of the induction heating process used in this study.

5.1.2 Comparison with Classical Models

In the previous section, annealing twin boundaries formed via the growth accident model
and grain boundary dissociation model were observed. In this section, the experimental data from
this study will be compared to these models, this should provide an idea about which mechanism
is dominant during the rapid induction heating process.

According to the growth accident model first provided by Gleiter[71] as described in
equation (2-7) in chapter 2, the coherent annealing twin density, p¢’, should be proportional to the
possibility of formation of a coherent twin boundary, R. Since Gleiter measured the coherent twin
density via line intersect method, the coherent twin density measured by EBSD in this study, pc,
should multiply 2/z to convert to the coherent twin density, pc’, according to the quantitative
stereology method[110]. Gleiter applied AG=25/r=43/d according to W. Charnock’s work[111],
where 5 is the energy of grain boundary, r is the radius of the grain, and d is the grain size. Thus,
equation (2-7) can be re-written in the form of equation (5-3) and then simplified to equation (5-

4):
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pL =cxexp {i In (e‘Q/"T ﬂ)} (5-3)

akT

, 5
Inp, = a—kQT + %ln (i—T) — ilnd + Inc (5-4)

where c is a ratio constant, and a is a constant related to the material’s property by equation (5-5):

a= ”ZV’Z 1 (5-5)

Therefore, the plot of In pc” vs. In d should give a straight line with a slope equal to -1/a, which
should be independent of temperature. To verify this model, corresponding material constants of
SS316L has been searched from the literature: the Boltzmann’s constant k = 1.38*102J/K; the
activation enthalpy for SS316L Q = 177.52kJ/mol = 2.95*10°)/atom [112]; the average energy
of HAGB in SS316L § = 0.6J/m? [113], the lattice constant ap = 0.3594nm, thus the height of the
nucleus h=d111=0.2075nm [114]; as described before AG=456/d, where d is the grain size; the
energy of step & = §/2=0.3)/m? the surface energy of a coherent twin boundary
vi=ysre/2=0.032J/m? [115], and the stacking fault energy ysre=64mJ/mm?=0.064J/m? [116]. By
converting the units of all the constants to international system of units (SI), the value of a (egn.
16) can be calculated approximately as 0.2890, thus the slope of the curve In p¢’ vs. In d should be
-3.4608.

Figure 44 shows the scatter points of In pc’ vs. In d at various heating rates and temperatures
used in this study. The dash line represents the slope that Gleiter’s model predicted for SS316L.
The data points in this study deviate far away from Gleiter’s model. At the early stage, the coherent
twin density increases as the overall grain size increases; this is contrary to the prediction of
Gleiter’s model. That is coherent twin density should decrease as the grain size increases. This
makes sense since the annealing twin boundaries start forming at the early stage, while the model
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predicts the status after recrystallization. However, while the percent of recrystallization increases
and the grain size starts to get coarser, the coherent twin density is not decreasing as fast as the
model predicted. This can be due to three reasons: 1) the model was derived from a deformed
material under a steady heat treatment condition, while the induction heating in this study is a
dynamic process, and the thermal stress from the fast heating rate may change the behavior of the
system; 2) growth accident is not the only mechanism of annealing twin boundary formation
during induction rapid heating process; 3) the model assumes grain boundary migration causes the
annealing twin formation by considering the annealing twin formation in individual grains, but it
does not consider the twin boundary propagation or extension which also contributes to the
increase of annealing twin density as observed in this study. Thus, Gleiter’s model is not suitable

for explaining the annealing twin boundary formation in our case.
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Figure 44. Scatter points of the logarithum of converted coherent twin density and grain size compared with

Gleiter's model

Being different from Gleiter’s model, Pande[74] modified the previous model and provided
another atomistic model based on more experimental data assuming that the coherent twin density
is determined uniquely by grain size and should be independent of temperature. He suggested a
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relation between the coherent twin density pc” and the grain size d as shown in the following

equation:

2= %m(3) (5-6)

where po is a constant of scaling factor proportional to the ratio of average grain boundary to twin
boundary energy, and do is another constant of scaling factor meaning the critical grain size before
which the average number of coherent twin boundaries inside a grain is zero.

Figure 45 shows the results of curve fitting to Pande’s model based on the experimental
data from all series of induction rapid heating. Pande’s model fits the data points better than
Gleiter’s model. The curve agrees with the change of coherent twin density in response to the
average change of grain size. For the fitting curve, the constants are calculated as followed:
po=16.75mm™ and do=43.24um. The result suggests that the critical grain size after which the
growth accident mechanism starts to take place for twin boundary formation is 43.24um. The
successful fitting for the trend of experimental data supports that the growth accident mechanism
is the dominant mechanism for annealing twin formation, while the imperfect points away from
the curve show the occurrence of the grain boundary dissociation to form annealing twin
boundaries according to previous EBSD observation, and the propagation of formed twin

boundaries.
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Figure 45. Relationship between coherent twin density and grain size in induction rapid heating

It should also be noticed that the deviation of the data points to the curve is small when
grains start to grow, and then increases as the grain size increases, and finally decreases as the
grains become coarser when abnormal grain growth occurs. Figure 46 shows the results of curve
fitting to Pande’s model by separating the experimental data according to temperature. The results
indicate that the annealing twin density behavior varies at different temperatures. Figure 46(a)
shows that Pande’s model fits well with the experimental data at 1150°C, with constants
po=28.72mm™ and do=45.46um. It suggests that the growth accident mechanism is dominant of
annealing twin formation at this temperature, and the deviation of experimental data to the model
is probably due to the grain boundary dissociation which can also form new annealing twin
boundaries, and the propagation of formed annealing twin boundaries. Figure 46(b) shows that the
Pande’s model is less applicable to experimental data at 1200<C than it is at 1150<C. At this
temperature the model can still show relatively good agreement with the experimental data with
the constants po=14.26mm™ and do=42.84um, but deviation between the experimental data and

the model starts to increase as grain size increases. This is probably due to the increasing rate of
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annealing twin boundary propagation and extension as the recrystallized grains grow at elevated
temperature, which makes a stronger contribution to the annealing twin density at 1200<C. Figure
46(c) shows a series of more dispersive experimental data at 1250 <C than those at 1200 <C, which
Pande’s model fails to predict. From the microstructure shown in the previous EBSD results, grain
coarsening starts to occur at 1250 <C. The formed annealing twin boundaries propagate and extend
in the grains faster than at 1200 <C, which further minimizes the contribution of the growth accident
mechanism to annealing twin density. During grain coarsening, large grains consume small grains
and their annealing twin boundaries without producing more twin boundaries, and this is
energetically favorable since it decreases the amount of interfaces in the system. However, the
presence of local thermal stresses in the specimens continuously provides the driving force for new
annealing twin formation during grain growth and coarsening. Such factors make positive and
negative contributions to coherent twin density at 1250<C, making the experimental data
dispersive and decreasing the influence from growth accident theory. The influence of grain
coarsening is also shown in the final decreasing in relationship between annealing twin density

and recrystallization fraction as the dash curves show in figure 47.
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Figure 47. Relationship between recrystallization fraction and twin density of experimental data at all

temperatures and heating rates in induction rapid heating

5.1.3 Summary

Rapid induction heating is a dynamic process, the annealing twin density increases as the
recrystallization fraction increases, and slightly decreases as grain coarsening starts to occur. There
are two steps of twin density increasing during the rapid heating process. The first step of annealing
twin density increasing is due to sub-grain boundary migration and the second step of increasing
is due to HAGB migration.

The formation mechanisms of annealing twin boundaries are observed to be growth
accident and grain boundary dissociation. Growth accident is the dominant mechanism of
annealing twin formation depending on grain boundary migration, that HAGBs migrate into

strained regions and twin boundaries form at these HAGBs forming a twinned new grain with
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much lower dislocation density. Grain boundary dissociation also takes place when a high energy
grain boundary decomposes to a coherent twin boundary, an incoherent twin boundary and a grain
boundary with lower energy, this mechanism does not require grain boundary migration.

The experimental data generated in this study was compared with classic models of growth
accident mechanism for annealing twin formation. Gleiter’s model is not able to predict the
relationship between the coherent twin density and grain size and temperature, and it probably has
couple reasons. Gleiter’s model was derived only considering steady heat treatment of a deformed
material, and the influence of grain boundary migration, without considering the propagation and
extension of the formed twin boundaries.

Compared to Gleiter’s model, Pande’s model seems to make more sense explaining the
experimental data, which supports that the growth accident theory is the dominant mechanism of
annealing twin formation. However, the different fittings between the experimental data separated
by temperature indicate that the annealing twin density behavior does change with temperature,
which is contrary to Pande’s conclusion that annealing twin density should be uniquely dependent
on grain size. This is probably due to the increasing influence from twin boundary propagation

and grain coarsening as temperature increases.

5.2 The Recrystallization Kinetics Analysis

According to the presented results, the recrystallization behavior seems to be strongly
related to some processing parameters and the thermal conductivity of stainless steel 316L. Hence,
the analysis of the kinetics of recrystallization in all conditions of heat treatments was examined

to show the effect of processing and thermal conductivity. Classically, the recrystallization kinetics
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can be analyzed using the Johnson-Mehl-Avrami-Kolmogorov (JMAK) model. This model was
built by Kolmogorov In 1937[117], Johnson and Mehl in 1939[118], and Avrami in 1939[119].
The JIMAK model assumes the nucleation sites to be randomly distributed and formed at a rate N,
and grains grow into the deformed material at a linear rate G. Based on this assumption, the model
provides a relationship between the fraction of recrystallized material Xv and time t described in

equation (5-7):

Xy =1—-exp (—Bt") (5-7)

Where B = fNG3/4, and f is a shape factor (for example 4r/3 for spheres). Equation 11 is also
well-known as JIMAK equation. This equation indicates that the plot of In{In[1/(1-Xv)]} against

In t should be a straight line with a slope equal to the exponent n, and n should be equal to 3 or 4.

5.2.1 Recrystallization Kinetics at Different Processing Conditions

Figure 48 shows the plot of recrystallization kinetics analysis for samples heat treated at
1150<C using JMAK equation. The blue curve of conventional low heating rate shows a static
recrystallization rate with an average JMAK slope of 1.52. Such a low value of exponent compared
to the value 3 or 4 of an ideal IMAK slope can be due to the inhomogeneity of the as-fabricated
microstructure, resulting in non-random distribution of nucleation sites and variations in stored
energy. The influence of starting inhomogeneous microstructure on decreasing the n value have
been reported in some studies in different types of materials[120-123]. This further leads to the
variation of growth rate, since the driving force of boundary mobility would vary due to the
inhomogeneity of microstructure. Being different from the conventional low heating rate, the

orange curve of induction rapid heating rate (200<C/s) shows a dynamic behavior in change of
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recrystallization rate against time. The average recrystallization rate of rapid heating is similar as
it of conventional slow heating in 60 minutes at 1150<C. The curve shows two peaks of fast
recrystallization kinetics, with n value of 1.93 at the first peak and that of 4.83 at the second peak.
Obviously, rapid heating rate can provide faster recrystallization rate due to the additional energy
input and local thermal stresses promoting boundary migration. This faster recrystallization rate
results in faster nucleation rate and growth rate. The faster nucleation rate means that more
nucleation sites are formed per unit time, leading to smaller grain size after recrystallization. The
faster growth rate indicates a potential risk of faster grain coarsening if the holding time is too
long. Thus, holding time is also a key parameter in rapid heating treatment of 3D printed 316L
stainless steel. The drop between the two peaks can be the result of local thermal stresses associated

to the poor thermal conductivity of 316L stainless steels.
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Figure 48. IMAK recrystallization kinetics analysis for samples heat treated at 1150<C

Figure 49 shows the JIMAK plot of samples heat treated at 1200<C holding from 3-12min.

The blue, orange and green curves show the recrystallization behavior against holding time of
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10<C/s, 100<C/s, 200<C/s heating rates, with n values of 2.17, 3.25 and 3.65, respectively. High
heating rates (100<C/s and 200<C/s) provide faster recrystallization rates than low heating rate
(10<C/s), and this is consistent with the results observed at 1150 <C. However, the recrystallization
rates of 100<C/s and 200 <C/s do not show as large difference as it did between 10°C/s and 100°C/s,
indicating that the benefit of increasing heating rate has a limitation. Compare the curve of 200<C/s
at 1150<C in the same holding time area (first peak of the orange curve in figure 48), all three
heating rates at 1200<C show faster recrystallization kinetics. This indicates as expected, that the

reheating temperature also plays an important role in determining the recrystallization rate.
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Figure 49. IMAK recrystallization kinetics analysis for samples heat treated at 1200<C

Figure 50 shows the JIMAK plot of samples heat treated at 1250<C holding from 3-12min.
The curves of 10C/s and 100<C/s are flat, since these samples are at the last stage of
recrystallization (as shown in corresponding GOS map in figure 30). The n values cannot be
obtained through these two curves. However, by comparing the Xy values of 10<C/s and 100<C/s

at 1200C and 1250<C, it is obvious that the recrystallization fraction has reached similar values
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in 3min at 1250 <C, while it takes 12min at 1200 <C for both heating rates. Thus, the recrystallization
rates of 10C/s and 100 <C/s at 1250 <C should be much faster than that at 1200 <C. Being different
from the curves at 1150<C and 1200 <C, there is an obvious delay in recrystallization of 200<C/s
series samples at 1250<C, and the recrystallization Kkinetics analysis shows an n value of 2.47,
which is lower than the same heating rate at 1200°C. This can be due to the low thermal
conductivity of 316L stainless steel that the temperature homogeneity takes longer for samples

subjected to higher heating rates.
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Figure 50. IMAK recrystallization kinetics analysis for samples heat treated at 1250<C

Figure 51 shows the change of the increase amount of twin density (Ap) against the
recrystallization rate (the time exponent n) before grain coarsening after rapid induction heating
process. The n value is the response of the evolution of microstructure to isothermal holding time.
It represents the combination influence of the reheating temperature and heating rate, thus the
processing parameters are not separately considered in figure 51. The increase of coherent twin

density and incoherent twin density first increase as the recrystallization rate (n value) increases,
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and then decrease as the recrystallization rate further increases. This is reasonable because the
recrystallization rate consists of nucleation rate and growth rate. When the recrystallization rate
initially increases, the increase in nucleation rate and growth rate contribute to grain boundary
migration to the strained areas. This is beneficial to the formation of annealing twin boundaries as
a result of the growth accident mechanism. However, as the recrystallization further increases, the
increase of growth rate will lead to grain coarsening, and hence decrease the annealing twin density.
In general, figure 51 shows the ability of recrystallization rate to ‘create’ new annealing twin

boundaries. According to the curves in figure 51, the optimal n value would be around 2.5-3.5.
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Figure 51. Relationship between twin density increase and recrystallization rate (n value)

Table 8 shows the typical n values at the best processing conditions summarized in table 7.
Conditions 3 and 7 have n values close to the range 2.5-3.5. Condition 1 is a little far away from
this range, but it was operated at a long holding time (48min) and a relatively lower temperature

(1150°C), which provides a larger initial twin density.
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Table 8. The n values of best processing conditions in chapter 4

Condition No. n value
1 4.83
3 3.65
7 2.47

5.2.2 Summary

In this section, the recrystallization kinetics were analyzed at all processing conditions in
induction rapid heating process using the JMAK equation. As a conclusion, the recrystallization
rate increases as heating rate increases before grain coarsening starts to take place. A delay in
recrystallization was observed at 1250°C when heating rate was increased to 200°C/s. This is
probably due to the poor thermal conductivity of SS316L. The optimal processing conditions to
obtain large annealing twin density are the processing conditions which bring the recrystallization

time exponent n between a range of 2.5-3.5.

5.3 The Effect of Heating Rate

Based on the presented and discussed results in chapter 4, it has been shown that different
heating rates result in different recrystallization rates and annealing twin densities. Various heating
rates and reheating temperatures lead to different recrystallization kinetics (different n values), and

this could be attributed to the inhomogeneous temperature distribution during induction heating.
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To further understand the influence of heating rate, the heat transfer during induction heating needs

to be analyzed.

5.3.1 The Principle of Induction Heating

Induction heating is a combination process of electromagnetic and heat transfer that
generates heat on an electrically conductive object by eddy currents from an alternating current
through a coil. The advantage of induction heating is that the heat is generated inside the sample
itself, hence the sample can be heated rapidly, and no external heat source or contact is necessary.

The relative magnetic permeability p, of the material is significant in induction heating.
According to the value of ur the materials can be divided into three types. The materials with p <
1 are called diamagnetic materials, and those with pr > 1 (slightly larger than 1) are called
paramagnetic materials. Since the difference of p, for diamagnetic and paramagnetic materials is
small, they are also called nonmagnetic materials in induction heating process. Such materials
include copper, aluminum, titanium, etc. The materials with u, >> 1 are called ferromagnetic
materials, such as iron and nickel. The ferromagnetic property of a material is related to the
temperature, and the temperature at which a ferromagnetic material becomes nonmagnetic is called
the Curie temperature (Curie point)[124]. Stainless steel 316L has a pr value around 1.01[125],
and it belongs to nonmagnetic material in induction heating.

During induction heating, the current distribution is not uniform in the specimen, and
therefore the temperature in the specimen is not uniform, either. This is caused by some

electromagnetic effects, including skin effect, proximity effect, ring effect, end and edge effects.
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Skin effect is a phenomenon that the maximum current density will be on the surface of a
conductor when applying an alternating current. Hence, the current density of the sample decreases
from its surface to its center during induction heating. Since the eddy current generated on the
sample is circumferential, the current flow at the center of the sample should be zero. Thus,
approximately 86% of the power will be concentrated in the surface layer of the sample, and this
layer is called the penetration layer, with a current penetration depth 8(m) expressed in the

following equation:

_ Pr _
6= ot f (5-8)

Where pr is the resistivity of the material in Qem; po = 4n*10'H/m is the permeability of vacuum
space; f is the frequency of alternating current in Hz[126]. In this study, skin effect should be the
major reason for local thermal stresses within the fast heated samples.

Proximity effect is the influence from the magnetic fields of other electrically conductive
parts located close to the sample. The magnetic fields from these parts will interact with each other
and therefore distort the current density distribution in the sample during heat treatment. In this
study, the samples were supported by non-electrically conductive aluminum oxide ceramic pieces,
and there was nothing else inside the coil zone. Hence, the proximity effect can be neglected.

Ring effect is the situation in which the heated sample is bent or it is a ring shape, and
therefore its current density distribution changes. In this case, the magnetic fields will be higher
inside the ring and disperse outside of the ring. Thus, the generated current will flow in the inside
surface layer of the ring. This is a positive effect when the heated sample locates inside the coil
during induction heating, because the coil current is generated in the inside surface of the coil

shortening the coil-sample coupling. Hence, the coil efficiency increases, and vice versa. In this
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study, samples were located inside the coil, and the ring effect played a positive role. All samples
are in bar-shape and small compared to the size of the coil, thus it is not necessary to consider the
ring effect to the samples.

End and edge effect is the magnetic field distortion and corresponding current distribution
in an induction heated sample due to the distortion of electromagnetic field in its end and edge
areas. This leads to non-uniform temperature profile in the sample. In this study, all samples were

characterized in the center area, edge areas were not highly focused.

5.3.2 Analysis of Local Thermal Stresses during Rapid Induction Heating

In induction heating, heat is transferred by conduction from the high temperature surface

layer of the sample to the low temperature center region, and it can be described by Fourier’s

Law[127]:

Qcond = —A(T) - gradT (5-9)

Where Qcond IS the conduction heat flux, A(T) is thermal conductivity in W/(m*<C), and T is
temperature. Considering the temperature distribution in a sample in three dimensional, the

temperature T should be a function of time t and position X, y and z, such as:

T=f(xy,zt) (5-10)

By considering the Fourier’s Law and the Law of Conservation of Energy, the temperature

distribution can be written as a differential equation:

oT A ,0%T | 9T , 3°T
T L4040 5-11
ot cpp 0x? T dy? T 0z2 ( )
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Where ¢, is the specific heat in J/kg*K, p is the density in kg/m3. The left side of equation (5-11)
is the heating rate, and it is obvious that a higher heating rate will lead to a larger temperature
gradient along the distance from the surface to the center. Equation (5-11) can be simplified by
considering one dimension in the thinnest dimension of a sample in this study (~5mm), as shown

below:

or _ 4 or
at cpp 0x?

(5-12)

Thus, it is clear that the higher the heating rate, the higher the temperature gradient during heating
process. Moreover, it can be seen in equation (5-12) that the low thermal conductivity also results
in higher temperature gradient. A higher heating rate would require a higher frequency in induction
heating, and this will lead to a thinner penetration depth, as described in the skin effect in equation
(5-8). This leads to a decrease in the depth of high temperature layer, and therefore a longer
distance for heat conduction and a larger temperature difference between the surface and center.
During isothermal holding period, the system holds the temperature of the surface at the
target temperature, and the temperature of current penetration layer can be regarded stable at the
target temperature Treneat. IN this period, heat is transferred into the center with a boundary
condition that Tsurface = Treneat. AS discussed before, a higher heating rate will result in a thinner
high temperature zone and a larger temperature difference between the surface layer and the center.
This will lead to a larger thermal stress, which promotes the recrystallization by increasing the
recrystallization rate, and it can explain the results at 1150 <C and 1200 <C that higher heating rates
lead to faster recrystallization kinetics and higher annealing twin density. It will also lead to a
longer period of temperature homogeneity through the sample, which can explain the delay of

recrystallization process and annealing twin density increase at 1250 <C at 200<C/s.
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The consideration of local thermal stress also leads to similar conclusions. For a rigid body,
thermal stress is the result from restricted thermal expansion caused by the difference in
temperature. During rapid induction heating, there is a temperature difference between the surface
and the center of the heated sample due to the skin effect, as discussed before. The surface layer
at high temperature wants to expand and push the center area at low temperature, and the restraint
from the rigid body prevents the expansion and creates local thermal stresses in the sample. It can
be considered in one dimension to simplify the analysis. From the stress-strain relationship in

uniaxial loading condition, it can be obtained that:

o= g = E¢ (5-13)

Where o is the normal stress, F is the applied force, A is the loading area, E is the Young’s modulus
and ¢ is the strain.

Considering linear thermal expansion (one dimension in consistent with discussions

before), the thermal strain can be obtained that:

£ =—=aAT (5-14)

Where Al/lg is the potential change in length caused by thermal expansion, a is the coefficient of
thermal expansion, and AT is the difference in temperature. Combining equation (5-13) and

equation (5-14), the thermal stress can be calculated by:
o = EaAT (5-15)

Suppose that the sample is just heated to the target temperature To during induction heating.

Since the infrared temperature detector measures the temperature on the surface Ts, at this moment
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Ts = To. Assuming the temperature at the center is T and the distance from the surface penetration
layer to the center is Xo. At this moment, the system stops heating the sample, and it can be obtained

that:

oT _
E =0 (5'16)

And combining with equation (5-12), we can get:

o1 _

ox = 0 (5-17)

Integrate equation (5-17), we can get:
T = Clx + CZ (5'18)
Where C; and C are constants and can be obtained by boundary conditions:

x=0,T=T, (5-19)

x=xo,T =T, (5-20)

Substitute the boundary conditions into equation (5-18), the constants can then be obtained:

Tc—To
X0

C, = (5-21)

Cz = TO (5'22)
Thus, the temperature distribution along the direction from surface to center can be written

as a function of position as follows:

Tc—To

T=LTy T, (5-23)
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Hence, it can be obtained that:

AT =T, —T =2"Tey (5-24)

Xo
Substitute into equation (5-15), the thermal stress at position x can be written as follows:

o= Eal ey (5-25)

X0

And we know that Xo should be equal to half of the thickness minus the penetration depth,

in this case, which is:

_ _ Pr _
xo = 0.0025 — |—Er_ (5-26)

Substitute into equation (5-25), the thermal stress o at position x can be written as:
o = Eaxk (5-27)

Where the coefficient k can be written as:

To-Tc

0.0025— / Pr
Tpobrf

k= (5-28)

Now the relationship between local thermal stress ¢ and heating rate has been built. At a
specific reheating temperature To, there are two parameters that changes with heating rate.
As the heating rate increases, the frequency f increases in order to provide the necessary heating
rate. Meanwhile, the temperature at the center of the sample T decreases, since the surface layer
reaches the target temperature faster, and the time for conduction is less. As shown in the

expression of k value, the increase of frequency will decrease k and the decrease of T will increase
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k. Thus, the increase of heating rate may not always lead to the increase of local thermal stress,
which further promotes the recrystallization and annealing twin boundaries formation. This can
explain the different behaviors of the results at various temperatures. At 1150 <C holding for 12min,
the annealing twin density increases as heating rate increases. However, at 1200<C and 1250<C,
the annealing twin density and recrystallization rate is not monotonically increase as the heating
rate increases. The criteria whether the local thermal stress increases with the heating rate is the k
value in equation (5-28). At a certain reheating temperature, if the increase of heating rate results
in an increase of k value, the local thermal stress would increase, and the annealing twin density
should increase. If the increase of heating rate results in a decrease of k value, the local thermal

stress would decrease, leading to a decrease in annealing twin density.

5.3.3 Summary

According to the annealing twin boundary formation mechanism described in section 5.1,
the local strain caused by local thermal stresses in the rapid heated samples is highly related to the
annealing twin boundary formation. Thus, the local thermal stresses are analyzed. The analysis is
applied in one dimension for simplification.

During induction heating, skin effect is the major factor causing the temperature gradient
and therefore local thermal stresses in the sample. The heat transfer equation is derived using the
Law of Conservation of Energy and the Fourier’s Law. The local thermal stress at position x in the
sample is derived through the restraint of thermal expansion. By combining these two conditions,
the local thermal stress o can be expressed as a function of reheating temperature To, the
temperature of the sample’s center Tc, and the frequency f. The k value expressed in equation (5-
28) can be applied as a one-dimensional simplified criteria of the effect of heating rate. If the
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increase of heating rate leads to the increase of k value, the heating rate will play a positive role
because the local thermal stress would increase, leading to the increase of recrystallization Kinetics
and annealing twin density. And vice versa. This can explain the non-monotonically increasing

behavior of annealing twin density with the increase of heating rate.

5.4 Verification of Hypothesis

This section is a brief summary of the discussions by revisiting the hypothesis raised in
Chapter 1. It was assumed that higher heating rates would lead to higher annealing twin density
due to the increase of energy input and local thermal stresses. More specifically, 4 questions were
raised in Chapter 1: 1) at what point in the post heat treatment will the AM specimens be able to
form annealing twin boundaries? 2) Is this mechanism similar to conventional polycrystalline
recrystallization and grain growth behavior? 3) Is there any preference of the annealing twin
boundary formation to some specific grain boundaries? 4) How will the annealing twin density be
related to the processing parameters of the post heat treatment?

For question 1, it can be seen from the set of samples heat treated at 1150°C using 200°C/s
holding from 3-60min that the annealing twin boundaries form as recrystallization starts to take
place. This is due to grain boundary migration and grain boundary dissociation.

For question 2, the mechanism is not similar as the recrystallization and grain growth
behavior of conventional furnace heat treatment. The conventional heat treatment has a low
heating rate and a stable environment, thus the temperature distribution in the heat treated sample
is homogeneous and the recrystallization process is steady. In contrast, the induction rapid heating

has a fast heating rate. During induction heating, only the sample would be heated to high
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temperature, while the surrounded environment is at room temperature. This results in a non-steady
process in combination of recrystallization and load from local thermal stresses. The
recrystallization kinetics of induction heating is much faster than that of conventional furnace
heating, while the grain growth is restricted compared to conventional furnace heating at the same
reheating temperature.

For question 3, two formation mechanism of annealing twin boundaries were observed.
Growth accident is the dominant mechanism, in which the annealing twin boundaries form at
HAGBs migrating into strained areas. Grain boundary dissociation is a minor mechanism, in which
the annealing twin boundaries form at decomposed high energy boundaries.

For question 4, the annealing twin density cannot be simply related to processing
parameters. Before grain coarsening starts to occur, the annealing twin density increases as
temperature, heating rate and holding time increases. When grain coarsening takes place, the
annealing twin density will decrease as grains grow further. The increase amount of annealing twin
density is found to first increase and then decrease as the recrystallization rate increases. The
reheating temperature is a major factor influencing the recrystallization Kinetics. In general, the
increase of reheating temperature will increase the recrystallization rate. However, the
recrystallization behavior might be delayed and restricted when fast heating rate is also applied
due to the poor thermal conductivity of 316L stainless steel. The increase of heating rate at 1150°C
and 1200°C plays a positive role in this study. However, fast heating rate may not always bring
positive effect to annealing twin boundary formation, since the increase of heating rate may not
lead to the increase of local thermal stresses. This is due to the combination of the poor thermal

conductivity and the skin effect during induction heating. Thus, the primary hypothesis, which
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assumes fast heating rate will lead to high annealing twin density, is only correct at relatively lower

temperatures where grain coarsening is restricted, with a heating rate no higher than 200°C/s.
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6.0 Conclusions

This study has investigated the behavior of annealing twin boundaries formation and their
area density evolution via induction rapid heating of SLM fabricated 316L stainless steel
components. The processing parameters, i.e. reheating temperature, heating rate and holding time,
are the major factors determining the annealing twin density and the change of microstructure.
Based on the results presented before, several conclusions can be drawn:

1. The SS316L samples heat treated via induction rapid heating system at 1150°C showed
faster recrystallization kinetics, similar microstructure, comparable annealing twin density, finer
grain size and higher microhardness values than the samples processed using conventional heat
treatments with low heating rate at the same reheating temperature. This comparison proves the
feasibility of induction rapid heating process to control the grain size and improve the annealing
twin density on SLM fabricated 316L stainless steel samples. The benefit of induction rapid
heating process is the ability to achieve similar microstructure with comparable annealing twin
density and finer grain size at shorter processing times.

2. The annealing twin boundaries form during recrystallization. The mechanism of
annealing twin boundaries formation of SLM fabricated SS316L during induction rapid heating is
a combination of growth accident and grain boundary dissociation. For growth accident, the grain
boundaries was observed to migrate to local strained zones and the annealing twin boundaries
formed as a result of the formation of stacking faults during this boundary migration. For grain
boundary dissociation, some high energy grain boundaries were observed to decompose into a
coherent twin boundary and an incoherent twin boundary, and this decreased the total energy of
the system. Growth accident is the dominant mechanism of the formation of annealing twin
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boundaries based on the observation of microstructure via EBSD analysis. Gleiter’s model and
Pande’s model were applied to check the annealing twin density behavior. Gleiter’s model does
not fit with the experimental data. Pande’s model shows good fitting with experimental data at low
reheating temperatures where the grain growth is restricted, and fails to properly predict as
temperature increases due to grain coarsening.

3. The annealing twin density is significantly related to the recrystallization fraction and
the processing conditions. The reheating temperature and heating rate are related to the annealing
twin density by influencing the recrystallization rate. The recrystallization rate increases as the
reheating temperature increases. At a higher reheating temperature, it takes much less time to
achieve similar recrystallization fraction and annealing twin density than that at a lower reheating
temperature. Based on the results from the experiments, a faster heating rate (within the range 0-
200°C/s) also leads to a faster recrystallization rate, and therefore a higher annealing twin density
at the same reheating temperature before grain coarsening occurs. In this study, several optimum
processing conditions with high annealing twin density and high microhardness were found:
reheating at 1150°C and holding for 48min with a heating rate of 200°C/s, reheating at 1200°C
and holding for 12min with a heating rate of 200°C/s, reheating at 1250°C and holding for 6min
with a heating rate of 200°C/s.

4. The increase of annealing twin density first increases and then decreases as the
recrystallization rate increases. The increase at the beginning is due to the increase in the nucleation
rate with a limited growth rate. This promotes the formation of stacking faults during grain
boundary migration in early recrystallization. The following decrease is a result of much faster
growth rate, which leads to grain coarsening and the consumption of formed annealing twin

boundaries. It means that the increase of recrystallization rate may lead to an increase in annealing
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twin density, but the marginal benefit actually decreases. The optimum n value of recrystallization
kinetics is in the approximate range of 2.5-3.5.

5. Based on the understanding of annealing twin boundaries formation mechanism, the
local strained areas promote the formation of annealing twin boundaries. This is the result of local
thermal stresses due to the skin effect during induction rapid heating. The local thermal stresses
are related to the heating rate, reheating temperature and the properties of the material. Based on
theoretical calculations of the thermal stresses, the increase of heating rate may not always lead to
an increase of thermal stress. Thus, the effect of heating rate is complex, since the heating rate
relates to both the local thermal stresses and the recrystallization rate. In this study, the increase of
heating rate results in an increase in annealing twin density within a 0-200°C/s range. However,
continuous increases in the heating rate may not produce a continuous increase in the annealing
twin density. The poor thermal conductivity of 316L stainless steel increases the thermal stress by

increasing the temperature difference between the surface and the center due to skin effect.
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7.0 Future Works

This study has investigated the feasibility of induction rapid heating process to modify the
initial microstructure of 316L stainless steel after SLM fabrication. The formation of annealing
twin boundaries was discussed. The relationship between annealing twin density and important
processing parameters, i.e. reheating temperature, heating rate and holding time, was studied. The
effect of heating rate was further analyzed. For future directions, there are several suggestions:

1. The samples used in this study were from the same set of SLM processing, which means
the initial condition of the as-fabricated samples are the same. However, the level of initial strain
after SLM fabrication may also influence the annealing twin density behavior. Thus, the influence
of initial strain of as-fabricated sample and the relationship between the SLM processing
parameters and the annealing twin density response during the post heat treatments need further
study.

2. To simplify the investigation in this study, the samples applied in this study have the
same simple geometry and the applied coil during induction rapid heating is the same. However,
in real additive manufacturing, the fabricated components are expected to have complex shapes.
Thus, the design of induction coil to achieve best current distribution and therefore the optimum

heating rate is also important and needs further investigation.
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