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ABSTRACT

Directed energy deposition (DED) is one of the metal additive manufacturing processes,
used for building components with complex geometry and high relative density. In the present
work, processing and characterization of DED based additive manufactured Stainless Steel 316
(SS 316) and its composites are performed. Initially, parametric investigation and characterization
of SS 316 built by DED are performed. Full factorial experimental design is carried out by varying
process parameters such as laser power, scanning speed and powder feed rate. The effect of DED
process parameters on the track geometry, deposition rate and micro hardness is investigated and
three different combinations of process parameters yielding maximum deposition rate and
hardness is identified for bulk investigation. The identified process parameters are laser power of
1000 W, powder feed rate of 8 g/min and scanning speed of 0.4 m/min, 0.5 m/min and 0.6 m/min.
Finite element analysis of DED is performed to understand the effect of process parameters such
as laser power, scanning speed and powder feed rate and on the track height and width. The
significant rise in track width and height with an increase in laser power and powder feed rate,
whereas reduction in track width and track height is observed with an increase in scanning speed.
The finite element analysis of track width and track height agrees well with the experimental

results.

DED built SS 316 bulk structures reveal the presence of austenitic phase (y) at all the
conditions. However, the ferrite (&) peak is observed at 0.6 m/min due to micro-segregation and
thermal gradients. The minimum crystallite size is estimated to be 24.88 nm at 0.6 m/min. The fine
columnar dendritic structure is observed in DED samples at all conditions. An average micro
hardness of 317.4 HVo.9s N is obtained at 0.4 m/min and it is observed that micro-hardness reduces
with an increase in scanning speed mainly due to increase in lack of fusion and porosity. Tribology
studies are carried out at different values of normal load and sliding velocity. The minimum
specific wear rate of 0.02497 x 10~*mm3/Nm is observed at scanning speed of 0.4 m/min.
Scanning electron microscope (SEM) of the wear tracks analysis shows abrasive wear as the major
wear mechanism.

Subsequently, investigations on the effect of heat-treatment on the microstructure,

mechanical, tribological and corrosion characteristics of DED built SS 316 bulk structures are



carried out. DED built SS 316 structures are subjected to solution treatment at 1073 K (HT1073)
and 1273 K (HT1273) and reduction in ferrite phase with heat-treatment is observed from
microstructure. X-ray diffraction and microstructure shows that the austenite phase is observed at
all conditions and reducing ferrite phase intensity is noticed with an increase in heat-treatment
temperature. Improvement in the plasticity retaining capability and reduction in micro-hardness
due to reduction in the volume fraction of ferrite and increasing grain size with heat-treatment. It
IS observed that the corrosion rate and specific wear rate increases after heat-treatment. The
maximum specific wear rate of 0.19375 x 10 mm?3/N-m is observed in the HT1273 sample with
wide and deep grooves noticed on the worn-out surface of heat-treated samples. The SEM images
of wear tracks are characterized with abrasive wear mechanism for as-built sample, while heat-

treated samples shows plastic deformation, followed by spalling effect.

Further, investigations are performed on SS 316 - tungsten carbide (WC) composites built
using DED by varying the WC volume fraction from 6% - 10%. The built structures are subjected
to characterizations to investigate the effect of WC volume fraction on the relative density,
microstructure, micro-hardness and tribological properties of SS 316-WC composites. It is
observed that the relative density of composite reduces with an increase in the volume fraction of
W(C particles. The microstructure is primarily dendritic, and XRD analysis revealed the presence
of WC and yFe phases with a minimum crystallite size of 18.82 nm at 10% of WC in SS 316. The
improvement in corrosion resistance is identified with the addition of WC, and the least current
density of 1.47 % is identified with 8% of WC. The micro hardness of the composite is observed
to increase with an increase in the WC content and the wear rate is observed to reduce with an
increase in WC content. Maximum hardness of 399.5 HV.gsn and minimum wear rate of 0.03107

x10* mm*/Nm are obtained at 10% of WC. Scanning electron microscopy images indicates the

presence of parallel grooves, wear debris and plastic deformation on the wear tracks.

Keywords: Laser Additive Manufacturing, Directed Energy Deposition, Stainless steel 316, Heat-
treatment, SS 316 Composites, Characterization
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CHAPTER I

INTRODUCTION

1.1. Introduction

Additive manufacturing (AM) is the process of building the component layer by layer
fashion from three-dimensional model data, as opposed to subtractive additive manufacturing. It
can be called layer manufacturing, rapid prototyping, rapid manufacturing, additive process,
additive fabrication, direct digital manufacturing, and solid freeform fabrication [1]. The typical
cycle of AM process is shown in figure 1.1.

It can fabricate complex geometries with the absence of special fixtures and also reduces
the number of spare parts required for final assembly.AM process can build prototypes and
functional parts for industrial applications and services [2]. It can produce intricate and customized
parts (lattice structures and cooling channels) without any expensive tools like punches, dies,
cutting tools, and casting molds and also reduces the steps involved in the conventional process.
In addition, it can build parts on demand resulting in low inventory and decreasing lead time [3].
However, AM cannot replace the position of the conventional process for high volume production
[4-5] and the application is also limited by residual stresses and anisotropy nature of the developed
component. The component with straight cuts and the round hole is easily fabricated by AM
process. AM process can directly produce functional parts resulting in a minimum number of spare
parts required for assembly, and also reduce lead time, production cost and material wastage.
Metals, ceramics, polymers and composites are generally used materials in AM technologies.
Therefore, AM technologies are used in different applications such as medical [6], aerospace [7],
marine, automotive [8], and energy applications [3, 9-12]. AM cannot replace conventional
process completely but is one of the tool boxes which facilitates the design freedom to engineering.
It is not suitable for large production runs and limited to small to medium complex parts. AM
shortens the supply chain, transportation cost, time and conserve energy [13]. According to the
American Society for Testing of Materials (ASTM), AM technologies are mainly categorized into
seven types such as powder bed fusion (PBF), direct energy deposition (DED), vat-photo

polymerisation, material jetting (MJ), binder jetting (BJ), material extrusion and sheet lamination

i
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[14]. Polyamide, acrylonitrile-butadiene-styrene (ABS), photo-curable resin, polycarbonate, wax,

metal/ceramic/polymer powders, adhesive coated sheets, etc. are used in AM process.

Cycle start and build

|___Clean part |
Stress relief and heat treatment
1
Remove substrate/support
structure
1
Finish machine/polish

Inspection and
QC

Figure 1.1 Typical AM process cycle [4]

1.2. Metal additive manufacturing

Revenue from metal printed parts is increased by 41.9%, maintaining a five-year trend of
above 40% growth each year for additive manufacturing [5]. The parts manufactured by MAM
process have a fine microstructure and consequently higher yield strength as compared to the
conventional process. Therefore, the aerospace and automotive industries are most interested in

2 | ,’ﬁ} Department of Mechanical Engineering, National Institute of Technology, Warangal (T.S)



the MAM components [11]. Therefore, it is mandatory to understand the behaviour of material
properties, microstructure and processing method to high quality, reliable and qualified parts for
engineering applications.

The major metal processing AM techniques are sheet lamination (SL), binder jetting (BJ),
powder bed fusion (PBF) and directed energy deposition (DED) [15].The classification of MAM
process is shown in figure 1.2. Powder bed fusion is further classified based on the heat source
(laser /electron beam) and type of melting (Partial/ full melting). The metal parts can be produced
indirectly by using binder/ ultrasonic vibrations to combine metal particles/metal foils. The final
part with full density is obtained after post-processing. Examples of indirect methods are selective
laser sintering (SLS), laminated objective manufacturing (LOM) and binder jetting (BJ). In SLS
process, metal parts are manufactured by partial melting of powder particles or low melting point
of binder to help powders particles bind together. The post-treatment of the final part (curing,
thermal sintering and infiltration) is required to achieve full density components. In LOM process,
the sheet foils have joined layer by layer using ultrasonic vibration, and the required geometry is
attained by laser cutting. In SLM/EBM process, laser/electron beam sinters the powder layer by
layer as per sliced data and bonding powder particles are achieved by full melting.

Selective laser sintering (SLS)

Binder jetting (BJ)

Laminated object Manufacturing
(LOM)

Figure 1.2 MAM classifications [2]

3 | Department of Mechanical Engineering, National Institute of Technology, Warangal (T.S)



In direct Metal AM, material feed in the form of wire or powder, but most commercial
methods use powder as raw material. Examples of direct metal AM processes are PBF and DED
[2]. In DED process, a laser melts the fed metal powder/wire and deposit it over the build plate or
substrate. The full density components are achieved with AM direct processes like SLM, EBM
and DED and their mechanical properties are equivalent to metals manufactured by conventional
methods [16]. The full density parts are directly achieved by powder bed fusion and direct energy
deposition.

The raw material is used in different forms based on the AM process. For example,
powder (powder bed fusion, DED), wire (WDED) and sheet (LOM). The AM technologies such
as SLS, SLM, EBM and DED are successfully processed different alloys such as iron alloys,
aluminum alloys, titanium alloys, nickel alloy and cobalt alloys. Some of them are summarized in
Table 1.1

Table 1.1: Materials processed in additive manufacturing

Alloy Grade type

Stainless steel alloys (SS) SS 304,304 L,316 and 316 L
SS 304, 304 L and 316 L
Precipitation hardening (PH) | 17-4 PH

stainless steel

Nickel base alloys Invar 36, Inconel 625 and
Haynes 230

Inconel 718

Inconel 625, Inconel 718

Titanium alloys Ti6Al4V
Aluminum alloys AlSi10Mg, AISi10
Cobalt alloys Co-Cr

Ceramic materials used in AM process are alumina, zirconia and silica. Ceramics are used
in vast applications due to their exceptional properties such as chemical resistance and high-
temperature resistance. The complex ceramics parts are difficult to achieve by conventional
methods due to their hardness. Composites are made from two or more constituent materials with

noticeably different physical or chemical properties. AM technology can be used for
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manufacturing polymer, ceramic and metal based composites by adding fiber and ceramic

particles. Metal based composites such as Ti-TiC, Ti-TiN and IN 625-TiC were successfully

manufactured by AM process [17]. Functionally graded materials (FGM) are successfully

deposited using DED process and FGM is one of the primary advantages of AM technology which

cannot possible by conventional methods. DED process is typically opted for fabricating FGM

parts and examples include SS304 L+ IN 625, SS 316L+ IN 625, Ti-6Al-4V+ AlSil0Mg etc [18].
The major MAM processes used for different applications are summarized below.

1.2.1 Binder jetting process

The Massachusetts Institute of Technology (MIT) founded binder jetting (BJ) in 1993 and
Z Corporation secured a license for the process from MIT two years later. BJ process is initially
opted for polymers subsequently ceramics. However, BJ process was opted for metal materials
from early 2000°s [19]. The working principle of BJ process is similar to PBF but the laser is

replaced by the binder droplets (~80 um). The schematic diagram of BJ process is shown in figure

1.3.
\ )
Print Head
°
Roller movement °
o
°
°
Figure 1.3 Schematic of binder jetting process [1]
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Binder droplets from inkjet nozzles are deposited over the powder and act as binding material
between powder particles and deposit one layer over the bed as per design data [5, 20]. The powder
bed is lowered by one layer thickness and subsequently deposit the second layer. In this way, the
process continues to develop the final green part. It is most suitable for materials like polymers,
metals and composites. The final green part is subjected to different post-processing techniques:
curing, de-powdering, sintering, infiltration, annealing and finishing [5, 12]. The density of
stainless steel is increased from 60 to 95% when bronze is used as infiltrate, and similarly, cobalt
and aluminum are used as infiltrates for tungsten carbide and boron carbide respectively [1]. BJ
process offers high feature resolution and can build hollow cooling passages on a larger scale than
the PBF process. It allows design freedom which is not possible by the conventional process like
forging, casting and machining. The advantages of the BJ process are large build volumes, high
print speed, multi-material per build, self-supporting, and no support structures like powder bed

fusion [13]. The process parameters of the BJ process are shown in figure 1.4.

Binder jetting
process

parameters

Binder .
Baced Device based
" Particle packing " Surface tension, " Layer thickness
»  Green strength Viscosity
" Printing Saturation . Build orientation
» Particle size s  Poiacie

distribution Drop generation

Powder flow methods

ability » Binder setting

, Powder wet saturation level

ability

Figure 1.4 Process parameters of BJ process [19]
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1.2.2 Laminated object manufacturing (LOM) process

In LOM process, raw material is used in the form of a sheet. The laser cuts the sheet as
per the required contour from three-dimensional data when the sheet is laid over the substrate for
the first layer. The strong bonding between two successive layers is achieved by moving a hot
roller to compress the layer and activating heat-sensitive adhesive paper [9, 15, 21]. The schematic
diagram of the LOM process is shown in figure 1.5. The LOM process is classified based on the
bonding mechanism between sheet layers includes adhesive or gluing, clamping, thermal bonding
and ultrasonic welding. LOM process eliminates the distortion, phase transformation and
solidification defects but limited complexity in parts compared to other AM processes [14, 22].
Gluing and bonding can be done in two different ways based on the order followed as, a) bond-
then-form (First bond the sheet to substrate and then form the required cross-section), b) form-
then-bond (First cut the sheet in the required cross-section and sticks to the substrate).

In the clamping process, metal laminates are fabricated using bolts or clamping rather
than thermal and adhesive bonding. Thermal bonding is one of the mechanisms successfully

applied for sheet lamination of functional tooling and metal parts.

Laser

»
Heated Roller _

. Cross-hatched Material

|

Material spool Unused Material spool

Figure 1.5 Schematic of laminated object manufacturing process [4]

In the ultrasonic additive manufacturing (UAM) process, sheet foil is placed over the base
plate or previously deposited layer. Subsequently, sonotrode oscillates and travel along with the
sheet joint with a frequency of 20 kHz. The sonotrode oscillations are normal to the moving

direction [23, 24]. Here, the required geometry of each layer is achieved by computer numerical
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controller (CNC) milling. This hybrid process continues for each sheet foil until the final part is
fabricated. It is successfully applied to titanium, aluminum and copper sheet foils. The process
parameters used in UAM process are oscillation amplitude, normal force, sonotrade travel speed,
preheat temperature and foil thickness. Aluminum alloy (6061) is successfully fabricated using
UAM process [25].

1.2.3 Selective laser sintering (SLS) process

It consists of a controller unit, roller mechanism, part process chamber, scanner system,
CO- laser and atmosphere control system. Initially, the chamber is preheated to a temperature
below the melting point of powder material and deposit layer as per required thickness using the
roller and consequently, laser scans the powder layer as per design [9]. In the SLS process, parts
are fabricated by partial melting or melting of low melting point binders to help metal powder
particles stick together. The binders commonly used SLS process are low melting point metal and
polymers (phenolic polymer).

It can build components using different materials such as polymers (polyvinyl chloride
(PVC), Polyethylene (PE), Polypropylene (PP), Polymethyl methacrylate (PMMA), Polystyrene
(PS), Polyethylene terephthalate (PET), Polyamide (PA) and Plycarbonate (PC)), metals (cobalt-
based, nickel-based, bronze-nickel, pre-alloyed bronze-nickel, 28 Inconel 625, Ti- 6AIl-4V,
stainless steel, gas-atomized stainless steel 316L, AISI 1018 carbon steel, high-speed steel
precoated), ceramics (Al203z, FeO, NiO, ZrOz, SiO2 and CuO), cermets and composite materials,
bio-material metals—polymers and metals—ceramics combinations. The post-processing is
generally required to attain full density components and it comprises binder removal, thermal
sintering and liquid metal infiltration (if required). Figure 1.6 represents the classification of SLS
process parameters based on the different modes. The SLS process parameters such as scanning
speed, layer thickness, laser power, laser beam density, hatch spacing and scanning pattern have a
significant influence on the final properties of the component. Therefore, the selection of optimum
combination of process parameters significantly influences the surface finish, built rate and
mechanical properties of the final part. The parts developed using SLS are used in engineering and
medical applications such as aerospace, automotive, wind tunnel, investment casting, tooling,

metallic moulds for injection moulding, turbine, implants, prosthesis and tissue engineering etc.

i
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Figure 1.6 Process parameters of selective laser sintering [26]

1.2.4 Laser Additive Manufacturing (LAM)

Laser Additive Manufacturing (LAM) is non-contact process and it can be used for
process different materials additively. LAM is a widely used metal additive manufacturing process
for building components in a layer-by-layer fashion using high-power lasers as an energy source.
LAM is being used for various industrial applications such as aerospace, automotive, electronic,
chemical and biomedical [27, 28]. The major advantage is the fabrication of complex shapes
without any dedicated tool, with minimum production time and material wastage. Thus, it
eliminates the need for complex assemblies for building complex shapes and also provides design
flexibility for building geometries not possible by conventional manufacturing techniques. One
such example is the manufacturing of mold and dies with conformal cooling channels using LAM,
which plays a vital role in terms of cooling effect in casting and injection molding. In addition,
LAM can build the entire shape without joining different parts, consequently avoiding joint
failures and weak structures. The major freedoms offered by LAM are shape design freedom,
material design freedom, logistics freedom, and post-processing freedom [27]. On the process side,
LAM possesses higher processing speed and solidification velocity leading to high cooling rates
(~ 105 KI/s). This results in finer microstructure and better mechanical strength than as-cast
samples [29]. LAM can be primarily classified: Laser-assisted Powder Bed Fusion (L-PBF) [30,
31] and Laser-assisted Directed Energy Deposition (L-DED) [32, 33] as shown in figure 1.7. The
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basic difference lies in the methodology deployed for material feeding. L-PBF uses a blade/roller
to spread a thin layer on the substrate and uses a laser to melt the powder selectively based on the
required shape. L-PBF is further classified based on the full melting (selective laser melting) and
partial melting (selective laser sintering). However, DED involves in-situ feeding of shapeless
material like wire or powder onto the melt pool created by high laser power. L-PBF is used for
building thin-wall components with fine features, undercuts, overhangs, etc. However, the
applications of DED include repairing, remanufacturing, cladding and the building of engineering
components etc. [27, 32]. The productivity, capability and quality of AM process are influenced
by the type of heat source, energy density, scanning speed, scanning strategy, feeding system and
inert gas. The high-power lasers (200 W to 6 kW) are generally used in commercially available

systems. Nd: YAG, COg, Fibre and diode lasers are generally selected for the LAM process.

[ Direct Energy

-
Powder Bed Fusion

(PBF) Deposition (DED)

]
|
(]

Figure 1.7 Classification of Laser additive manufacturing process [27]

The absorptivity of metal is determined by laser wavelength [4]. Nd: YAG, Fibre and
diode lasers are short-wavelength lasers that are generally opted for MAM process due to high
absorptivity. The spot size varies from process to process, for example, 50-400 um range for PBF
and 500 um-3 mm for DED process [27]. The typical process parameters used in LAM processes
significantly influence the final composition and mechanical properties of the component.

10
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1.2.4.1 Powder bed fusion process

Powder bed fusion (PBF) is one of the additive manufacturing technologies and used for
fabricating complex shapes with high resolution, hollow cooling passages [4,36]. Selective laser
sintering (SLS) and selective laser melting (SLM) are two of the most used PBF methods. SLM is
also termed direct metal laser sintering (DMLS). The laser is selectively sintered the cross-section
one after the other as per sliced 3D data until reached the required shape. The un-sintered powder
act as mechanical support during the process [37]. Full density components can be obtained with
SLM after post heat treatment. If an electron beam replaces the laser source, this process can be
called electron beam melting (EBM). Only limited materials like Ti6Al4V, Inconel 718, CoCrMo
and Ti grade 2 are processed by EBM due to high operating cost, slow process, limited size,
expensive and difficulty in optimizing process parameters. It is processed under vacuum
conditions, unlike the selective laser melting (SLM) process and consequently low chance of
porosity. Brittle materials (intermetallic (TiAl) and entropy alloys (NiCrCoTiVAI)) are difficult
to process using SLM due to high cooling rates whereas successfully processed by EBM process
by maintaining optimum bed temperature of 870 K [12].

The main components of PBF are powder supply piston, sintering piston, feeding roller,
laser, control system, powder bed and inert gas supply system as shown in figure 1.8. The powder
morphology, powder packing and size distribution have a significant effect on the porosity of the
component. The fine spherical powder without too many satellites and average particle size
distribution (10-45 pum) are used in PBF process to improve process efficiency [4, 5]. It can be
processed by single material per built and unsuitable for multi-material [38]. The whole process is
carried out under inert gas (Argon and Nitrogen) atmosphere, which can avoid further unwanted
reaction of gas elements with powder material. For example, aluminum reactive with the presence
of oxygen in the atmosphere tends to the oxide layer formation which indirectly deteriorates the
mechanical properties of the component. PBF is subjected to complex physics and chemical
phenomena including heat and mass transfer, and also light energy absorption. PBF process is
subjected to high cooling rates (103-108 K/s) due to the small melt pool size (in microns) and the

minimum interaction time between the laser beam and powder particles (high scanning speeds).
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Laser source Scanning Roller

Powder bed

Powder delivery system Fabrication Piston

Figure 1.8 Schematic diagram of powder bed fusion [27]

The unique microstructure and improvement in mechanical properties can be acquired
due to the high cooling rates [39]. Apart from this, it improves chemical homogeneity and
dislocation density, and modifies the microstructure with grain refinement. Moreover, the output
product of PBF can be directly used in applications where it is required with minimum post-
processing steps. Selecting appropriate input process parameters are much more important during
PBF process and categorized based on the laser, powder, and process as shown in figure 1.9. PBF
can process materials like plastics, metals, and ceramics but most research has been focused on
metallic components and their alloys. Titanium, steel, aluminum, copper, and nickel-based alloys
and their composites [12] are successfully fabricated by PBF, which exhibits superior performance
over these alloys fabricated by the conventional methods [40]. However, PBF works on limited
powder materials, hence further research has been focused on promoting additive technology into
the different material fields.
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1.2.4.2 Directed energy deposition

In Directed energy deposition (DED), the laser creates a melt pool on the surface of the
substrate or previously deposited layer onto which the raw material is added under the presence of
inert gas to protect the oxidation of the melt pool. The movement of the laser head or sample is
controlled by a CNC workstation or robotic arm. Generally, the substrate/sample is moved in the
XY plane and laser head is moved in the Z direction. Thus, layer by layer building of component
is achieved and built the final 3D engineering component. Figure 1.10 presents the typical
schematic of DED system. The DED is classified based on the feeding material (wire or powder).
The DED has advantages over other metal AM by the ability to build large structures, high
deposition rates, full density parts, repair damaged parts and allow multiple materials in a single
build [4]. The DED process can be powder fed deposition (PFD) or wire fed deposition (WFD)
based on the material form (powder or wire) used for building the component.

The PFD system comprises of powder and gas delivery system. The powder delivery
system supplies powder to deposition point by a carrier gas (Helium and Argon). The argon gas
acts as shielding gas for reactive materials. It is the most convenient and extensively used in DED

process. When laser from coaxial nozzle passes through powder cloud turns into melt pool is

i
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deposited over the substrate or previously deposited layer. The effective utilization of energy
depends upon the absorptivity of powder and multiple internal reflections within the powder. The
angle of powder feeding with coaxial nozzle is deciding factor on the final deposition rate and
mechanical properties of the part.

=

Z-Direction I

(] .\“\ J °
e\ [
PN | '\
/..\ [ /o Powder particles
. |

Y Direction

l @?Ax Direction

Figure 1.10 Typical Schematic of PFD system

In WFD system, molten pool deposited over the substrate or previously deposited layer
when laser melts the feeding metal wire from the nozzle as shown in figure 1.11. The 100%
deposition rate can be achieved by the WFD process than PFD process [4]. The entire system is
closed with an inert atmosphere to protect from oxidation. The process parameters involved in
WED play a key role in the properties of the material. The wire feed rate, wire tip position in the
molten pool, laser power, laser spot size, traverse speed, feed direction and feed angle plays a vital
role in a stable process. The wire feed rate and standoff distance are affected by changing the angle
between the laser beam and wire. The melting efficiency depends on the position of the wire tip
relative to the melt pool. The shape and size of the melt pool are disturbed by improper positioning

of wire tip and wire feed rate resulting in the non-uniform deposition. The optimum ratio between
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beam diameter and wire diameter should be greater than 3 to attain the smooth surface and good
metallurgical bond between the substrate and deposited layer. DED can be termed as laser
engineered net shaping (LENS), direct metal deposition (DMD), 3D laser cladding, direct light
fabrication, laser freeform fabrication (LFF), laser-based metal deposition (LBMD) and laser
consolidation, etc. Different organizations named DED process based on the type of laser, laser
power and spot size, inert gas, and powder feed and motion control methods utilized. The typical
process parameters involved in DED process as shown in figure 1.12. It can fabricate the large
volume, and repair damaged parts can be used as a substrate or build rate. It offers a higher
deposition rate, full dense parts, and multi-material in a single build (Functional graded materials)

as compared to PBF process [9,16].

Z-Direction

Feed Wire

Wire feed nozzle

Y Direction

X Direction

Figure 1.11 Schematic diagram of WFD system

The mechanical properties of DED deposited part can be tuned by controlling
microstructure through chemical composition and thermal gradients. DED process is also coupled
with the milling process to improve surface finish and dimension tolerance [5]. DED is
successfully used for processing a wide variety of materials like Fe-based alloys [41, 42], Ni-based
alloys [29, 43], Co-based alloys [44, 45] etc. for various engineering applications. DED can be an
option for building near net-shaped structures without significant material loss and reducing the

wastage of expensive metals like Ni, Cr and Mo.

15

Department of Mechanical Engineering, National Institute of Technology, Warangal (T.S)




LDED process
parameters

Powder
It based
\

‘ | —> Track width
F» Laser Power L» Scanning speed —» Particle size ‘_, Track height
. Spot size L+ Scanning pattern L, Powder flow rate |, Over lapping ratio

| , Powder chemical

» Laser density iti
composition

— Layer thickness

Figure 1.12 Process parameters of DED system

1.2.4.3 Process parameters involved in LAM process

Laser power is termed as the rate at which energy is generated from the laser. The
mechanical properties of the final deposited part are determined by laser power supplied to the
material. Discontinuous tracks are generated when laser power is insufficient for melting whereas
extreme melting of the substrate and previously deposited layer when high laser power than the
required for the given material. In the single-track deposition, deposition rate increases with
material flow rate up to threshold value for a given laser density and interaction time. The cross-
section of the track becomes circular and poor adhesion with the substrate when it reaches beyond
the threshold value. Scanning speed can be defined as laser movement per unit time. The typical
scan range for PBF and DED process is 1-10 m/s and 300-2000 mm/min respectively [4]. The laser
energy per unit length, powder feed per unit length and interaction time are influenced by scanning
speed variations as show in equation (1.1, 1.2 &1.3). The following equations are considered in
single track analysis to optimize the process parameters for bulk deposition.

Laser energy per unit length = § (1.2)
Powder feed per unit transverse length = % (1.2)
Interaction time = % (1.3

Here, P is laser power, v is scanning speed, d is laser spot diameter and m is powder feed

rate. The tracks are deposited adjacent to each other to create a single cross-section layer as shown
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in figure 1.13. The overlap ratio is calculated by equation 1.4. The optimum overlap ratio gives

excellent mechanical properties, low porosity and good surface finish.

Overlap ratio = % 1.4

| Y
“dfb

Cligie e C

Substrate

Figure 1.13 Schematic diagram of transverse section of single layer deposition

Here x is center distance of two adjacent tracks and w is track width. The laser path has a major

effect on the mechanical properties of the component [4]. Therefore, the selection of scan strategy
plays a major role during the process.

Smm (Island Size)
i

_____ g o o e =

Smm
—

Scan Spacing | e
TR 2 Bt irr e

a b
c d
Figure 1.14 Different scanning strategies for LAM process a) Unidirectional b) Bidirectional c)
inward to outward d) outward to inward e) island strategy [4]
Different scan strategies are used in PBF and DED processes for different materials.

However, the scan strategy is limited for DED process due to restrictions in the feeding system

(powder and wire feed). The uni and bi-directional strategies are generally employed for DED
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process as shown in Figure 1.14. The island strategy is generally selected in the LAM process due
to the uniform heat distribution and minimize the residual stresses.

Hatch angle refers to the angle between laser scanning directions to consecutive layers as
shown in Figure 1.15. For example, the angle between two consecutive layers is 45° which
indicates 8" layer is the same as the first layer. The change in properties are not significant with

varying hatch angles is noticed in a previous study [34].
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Figure 1.15 Schematic of hatch angle between two consecutive layers [34]

The change in mechanical properties is identified with a change in build direction as
shown in Figure 1.16. The specimens built with 45° have higher ultimate tensile strength (UTS)
and elongation as compared to samples built with 0° and 90°. This indicates significant anisotropy
of LAM parts. The average UTS for 0°, 45° and 90° is 935.57 MPa, 963.50 MPa and 952.97 MPa,
respectively [35].

Layer thickness has the most significant effect on the surface finish of the component.
The improvement in the surface finish is achieved in Z- direction when reducing layer thickness
of build part. The mechanical properties are not much affected by the change in layer thickness.
The typical layer thickness range for PBF and DED process is 50-200 um and 0.5 to 2 mm
respectively [4].
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Figure 1.16 Variation of strength with respect to build direction [35]

The common defects are involved in the metal AM process: porosity, cracking,
delamination, residual stresses, distortion and balling effect [1]. Therefore, the selection of

optimum process parameters is much more important in the metal AM process. The type of defect

and remedies for each defect is shown in Table 1.2.

Table 1.2: Typical defects involved in AM process [27]

Type of defect

Reason

Remedies

Porosity and lack

Entrapped gas, un-melted powder

Selection of optimum laser power

and cracking

of fusion and insufficient over lap and scanning speed, and hot iso-
static pressing (HIP)
Delamination Generation of residual stresses [20] | Heat treatment

Balling effect

Oxidation of molten pool, high
scanning speed and low laser power

resulting in low wettability

Optimized process parameters and

controlled atmosphere

Stair case effect

High

direction for curved and inclined

layer thickness and build

surfaces

Proper  selection of  process

parameters and build direction
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Feature size Size of the energy source Process parameters selection and

machining

Loss of alloying | High laser density, larger surface to | Selection of optimum laser power

elements volume ratio and scanning speed [4]

1.2.4.4 Post treatment of LAM process

The changes in geometry shape, residual stresses, and un-melted powder are major
problems during the MAM process. To overcome the above-prescribed problems, post-treatment
is required. Initially, the loose and un-sintered powder are removed from the built part and later
the supports are extracted from the component using machining or a band saw. In PBF and DED
process, the build part is extracted from the substrate or build plate using wire electrical discharge
machining. The next step of post-processing depends on the applications. The surface finish can
be improved by CNC milling, glass blasting, polishing and ultrasonic machining. The laser shot
peening (LSP), laser annealing (LA) and laser machining (LM) techniques are successfully
performed to improve the surface finish of the components. LAM components are subjected to
tensile stresses on the surface due to rapid heating and cooling. The compressive stresses are
induced in the component using LSP and also it improves the surface properties like wear and
corrosion resistance. The improvement in hardness, wear and corrosion of LSP processed Inconel
718 are noticed by 27%, 77% and 70% respectively.

Post-heat treatment is carried out to relieve internal stresses due to high thermal gradients.
In addition, it is used for altering grain size, grain orientation, porosity and mechanical properties
of the component. Annealing is generally adopted to relieve internal stresses, and solution heat
treatment followed by aging is typically opted for precipitation hardened materials. Dissolving the
undesirable phases is achieved by solution heat treatment while aging helps in improving hardness
by formation and growth of precipitation phases. The metal AM defects like porosity, voids and

cracks inside the component are reduced by hot iso-static pressing (HIP) [4].

1.3 Motivation

Laser additive manufacturing (LAM) possesses higher processing speed and
solidification velocity leading to high cooling rates (~ 10° K/s) [3]. This results in finer

microstructure and better mechanical strength than as-cast samples. DED is one of the LAM
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processes, successfully used for processing a wide variety of materials like iron-based alloys,
Nickel-based alloys, Cobalt- based alloys etc. for various engineering applications. However, DED

can be an option for building near net shaped structures without any significant material losses.

Austenitic stainless steel (SS 316) is used in various engineering applications such as
aerospace, energy, automotive, nuclear and marine sectors, due to its superior properties, like -
high strength, corrosion fatigue resistance etc.[46] . Although SS 316 built components are
fabricated through conventional manufacturing routes, the fabrication of complex shaped
engineering components using conventional manufacturing process is costly. Therefore, DED
process is adopted for fabricating SS 316 intricate parts with minimal cost. Although, it is used in
numerous applications and it is restricted to few applications because of its low hardness and wear

resistance [47].

Therefore, the parametric investigation is done based on the maximum hardness and
deposition rate. The microstructure, micro hardness and tribology study are conducted for as
deposited SS 316, heat-treated samples and its composites. In addition, studied the corrosion

behaviour of SS 316 under different circumstances.
1.4 Organization of thesis

Chapter-1: Introduction

The importance of additive manufacturing and its application over conventional processes
is discussed. In addition, the chapter focuses on metal additive manufacturing and its classification.
The working principle and advantage of MAM-based processes such as binder jetting, selective
laser sintering, laminated object manufacturing, powder bed fusion and directed energy deposition
are discussed. The basic process parameters and post-processing involved in MAM process are
explained.

Chapter-2: Literature review

Literature review attempts to give detailed information related to the microstructure and
mechanical properties of SS 316 and SS 316L manufactured by PBF and DED. The effect of post-
heat treatment and addition of ceramic particles in SS 316 & SS 316L on the microstructure and
mechanical properties are also discussed. The numerical analysis on melt pool, single and multi-

track behavior of DED built materials are also reviewed.
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Chapter-3: Parametric investigations on Direct Energy Deposited (DED) Austenitic stainless

steel 316 using experimental and finite element analysis

Parametric investigation of stainless steel 316 (SS 316) built by DED is performed.
Single-track DED experiments are carried by varying laser power, scanning speed, and powder
feed rate using full factorial experimental design. The effect of DED process parameters on the
track geometry, deposition rate, and micro-hardness is investigated. In this current study,
experimental and finite element analysis was carried out based on the track geometry at each
process parameter during single track analysis. Apart from this, the size and morphology of
microstructure at each process parameter are estimated by finding temperature gradient (G) and
solidification rate (R) through finite element analysis.

Chapter-4: Characterization of Direct Energy Deposited SS 316 bulk samples

The microstructure characteristics (XRD, porosity and microstructure) and micro
hardness of DED SS 316 bulk samples manufactured at different scanning speed are investigated.
Tribology performance of SS 316 is studied under different values of normal load and sliding
velocities at identified conditions.
Chapter-5: Effect of post heat treatment conditions on DED built SS 316.

Investigation on the effect of heat-treatment on the microstructure, mechanical,

tribological and corrosion characteristics of DED built Stainless Steel (SS 316) bulk structures

Chapter-6: Characterization of DED built SS 316-WC composites at different volume
fraction of WC

SS 316- tungsten carbide (WC) composites are built using DED by varying the WC
weight fraction from 6% - 10%. Investigations on the relative density, microstructure, micro-
hardness and tribological properties SS 316 composite are carried out at different volume fraction
of WC.

Chapter-7: Conclusion and future scope
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CHAPTER 2

LITERATURE REVIEW

2.1 Investigation on microstructure and mechanical properties of additive
manufactured SS 316

Li et al. [48] investigated the effect of build direction on the tribological properties of
stainless steel 316L built by L-PBF under different normal load, frequencies, and temperature. It
was observed that the wear rate and coefficient of friction (COF) were not influenced by the build
direction of the built samples. The increase in normal load causes the enhancement of wear, but

no significant influence on the COF was observed as shown in figure 2.1. An increase in wear rate
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Fig. 5. Effect of build-up direction on COF and wear rate (room temperature, 4-Hz frequency).

Figure 2.1 Effect of build direction on (a) COF and (b) wear rate

was observed with temperature, whereas a sudden decrease in wear loss is identified at high
temperature owing to oxide layer formation. High thermal energy with a rise in frequency causes
the material softening resulting in high material removal. Zhu et al. [49] investigated the
tribological performance of stainless steel 316L using L-PBF under lubricated conditions. Two
different counter material was deployed to investigate the tribological behaviour of L-PBF and
conventional SS 316L built samples. In the case of soft counter material (brass), no significant
effect on COF and wear rate was observed. In contrast, a significant difference in wear and COF
of the L-PBF samples was identified when tested with the harder material (38CrMoAl). A low

wear rate was observed for L-PBF samples than the tubular product steel parts owing to the fine
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grain refinement and dislocation density of L-PBF. Li et al. [50] reported the effect of process
parameters on the tribological performance of the stainless steel 316L using L-PBF. The small size
pores and low hardness values were noticed at the low values of laser power as shown in figure
2.2.

Figure 2.2 Porosity produced by different laser powers: (a) 100 W, (b) 150 W, (c) 200 W, and (d)
300 W

Further, it was noticed that the laser power and build direction were not significantly influencing
COF and wear rate. Sun et al. [51] experimentally investigated the tribological properties and
corrosion resistance of SS 316L built by L-PBF. The increase in the porosity with scanning speed
and effect of volume of porosity on the wear resistance of L-PBF parts was also reported as shown
in figure 2.3. It was observed that the wear rate of L-PBF SS 316L samples was 6 — 17 % higher
than that of bulk SS 316L and it was attributed to the early fracture and crack initiation due to the
presence of pores. J Chen et al. [52] investigated the influence of process parameters on the
interfacial region of selective laser melting 316L/CuSn10. The defects like pores, cracks and

24 | Department of Mechanical Engineering, National Institute of Technology, Warangal (T.S)



protrusions are noticed at the interfacial region due to improper selection of volumetric energy

input resulting in low ultimate tensile strength (UTS). The optimum US of 459.54 +3.08 MPa with

vol% Porosity
=N
Number of Pores/mm?
=
e =

100 125 150 175 200 225 5 e 150 o 20 e
(a) Scan Speed (mm/s) (b) Scan Speed (mm/s)

Figure 2.3 Image analysis results of the SLM samples showing (a) percent of porosity and (b)

number density of pores per mm? area in the samples as a function of scan speed at 150 W

elongation of 5.23 +0.65% was noticed at optimum process parameters. And also observed, the
maximum nano hardness of 2.97 +0.36 GPa at interfacial region due to fine grain structure. Yusuf
et al. [53] studied the tribology behaviour of L-PBF SS 316L after the sample subjected to high-
pressure torsion (HPT). The nano grain refinement (42 nm) is observed after 10 HPT revolutions
as compared to as-built sample. The microhardness and wear resistance of SS 316L were improved
by 172.7 % and 60% after 10 HPT process. Richard [54] performed the creep behaviour of SS
316L fabricated by L-PBF process under multi-axial loading conditions. The sample built-in
horizontal direction was subjected to high creep rates (8 times) than the sample built-in vertical
direction. It could be ascribed to columnar gains parallel to the build direction and presence of
cracks. G. Sander et al. [55] studied the effect of residual stresses and build direction on corrosion
behaviour of SS 316L manufactured by selective laser melting. The horizontal build part
comprises of large grains, and vertical and 45° build samples are subjected to equiaxed grain. The
corrosion resistance of SLM SS 316L was superior to wrought iron. The horizontal build part was
subjected to high pitting corrosion resistance than the counterpart. And also noticed that the
residual stresses in additively manufactured SS 316L was not significant effect on the pitting
corrosion resistance. M Ahmed et al. [56] investigated the effect of spattered stainless steel
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material during selective laser melting process. The gold colour and large irregularly shaped
aggregates of SS 316L particles are identified due to chemical reaction with build chamber
atmosphere during melting. From EDX analysis up to 100 nm from the surface, reductions in Fe
and Ni, rise in oxygen content and Cr and Si content were observed. In addition, observed from
XRD analysis, did not notice any variations in crystal structure/phase variations in bulk SS 316L
particles. The optimized gas flow rate and laser power can reduce the spatters generation and
consequently avoid the effect on the mechanical properties of the SS 316L build part. Y. Song et
al. [57] studied the effect of different scanning strategy with rotation and without rotation on
microstructure and mechanical properties of the SS 316L manufactured by selective laser melting.
The scanning strategy of the sample with rotation consists of columnar growth epitaxially whereas
samples without rotation between layers tend to break out columnar grains resulting in fine grain
structure. The sample with 47° rotation showed high tensile strength and ductility as compared to
the sample with 90° rotation. Additionally, microhardness of SS 316L samples with a rectangle
pattern was better than the parts with hexagonal pattern. J. Ghorbani et al.[58] optimized the
process parameters of laser surface re-melting process on selective laser melted inclined SS 316L
parts. The layer thickness of 200 um showed better results for remelted samples with small cracks
and sigma phase. V. H. Dao et al. [59] studied the effect of build direction (vertical and horizontal)
on creep behaviour of SS 316L fabricated by SLM. The cellular structure with a size of 500-700
nm was noticed for both directions. The creep deformation resistance and longer creep life were
observed part with vertical build direction as compared to horizontal build direction. And also
noticed, the creep life of SLM manufactured SS 316L was inferior to conventional manufactured
part. The vertical and horizontal build parts were subjected to layer to layer melt pool boundary
(MPB) and track to track melt pool boundary respectively. The layer to layer MPB had a higher
bonding force than the track-track bonding force. Y. Sato et al. [60] investigated the effect of
spatter generation during the processing of SS 316L using SLM process. The spatter formation
was reduced by selecting optimum laser energy. The optimum laser fluence was found to be 20
kJ/cm2 where the minimum amount of spatter generation was identified. And also, identified that
the surface finish of SS 316L was reduced from 30 um to 3.5 um. Y. G. Dursun et al. [61]
investigated the effect of process parameters on surface characteristics of the selective laser melted
SS 316L. The laser power was a most significant effect on the wider melt pool generation resulting
in a good surface finish whereas cracks, pores and discontinuity on the surface of SS 316L
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observed with increased scanning speed. M. Laleh et al. [62] studied the effect of pores and lack
of fusion inside the SS 316L manufactured by SLM process. The localized corrosion at the sites
of pores and lack of fusion was identified due to lower breakdown potential. And also mention
that the selection of optimized parameters are playing vital role to control the porosity effect. S.
Afkhami [63] performed the static, cyclic and impact loads on SS 316L developed by SLM
process. The performance of additively manufactured SS 316L under static, cyclic conditions was
better than conventional methods. However, the sample under fatigue conditions required
machining or mechanical post-processing. R.K. Upadhyay et al.[64] investigated the behavior of
powder bed fusion of SS 316L during scratch and wear test at a different normal load of 1 N, 5 N
and 10 N. The surface deformation was started when the load reached above 5 N while the scratch
test. The wear rate of SS 316L was 1.2 X107 mm3/N-m to 3.9 x10”" mm®N-m when increasing
normal load from 1 N to 10 N. The wear resistance of SS 316L is improved by 20.5 % as compared
to the conventional method. J.K. Veetil et al. [65] investigated the dimensional deviation of SS
316L built by powder bed fusion process based on the build direction and inert gas flow rate.
Samples were placed away from samples along with X direction resulting in high accuracy close
to the nominal dimensions. The uniform flow rate and pressure inside the process chamber given
better dimensional accuracy. And also identified that samples close to the window chamber side
were attained with good circularity due to fast cooling rates. L. Chen et al. [66] investigated the
effect of laser polishing on the mechanical properties of SS 316L sample manufactured by
selective laser melting process. The grain size and surface roughness of the polished sample were
reduced by 86.63 % and 23.2 % respectively. And also noticed that micro-hardness, tensile
strength and ductility of laser polished SS 316L were enhanced as compared to as-built SS 316L
sample . P. Deng et al. [67] studied the sources of oxygen inclusions in selective laser melted SS
316L sample. Stated that the powder making process like gas atomization process, spattered
particles generation while building part, powder exposed to moisture and chemical elements in SS
316L like Si or Mn were major reasons for the formation of oxygen inclusions in SS 316L. P.
Margerit et al. [68] investigated the effect of build direction on the tensile strength of SS 316
processed by PBF. The tensile strength of build direction (0°, 45° and 90°) of SS 316L was 419
MPa, 441 MPa and 431 MPa respectively. It might be due to lack of fusion and consequently,
crack formation reason for the failure of built parts. Tolosa et al. [69] examined the mechanical

properties of SS 316 using the LPBF process and obtained results were compared with wrought
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material. The high yield strength and micro-hardness were attained with LPBF compared to the
wrought counterpart. Ma et al. [70] optimized the input process parameters for large-scale SS 316L
parts with high mechanical properties. It was observed that the variational-orientation raster
scanning pattern with high scanning speed and small laser spot size resulted in good dimension
accuracy, and high ultimate strength and yield strength. Sun et al. [71] studied the corrosion and
dry sliding wear behavior of SS 316L manufactured by the LPBF process. The wear rate of SS
316L built by LPBF was 16 times higher than the conventional SS 316L bulk samples due to the
presence of porosity. It was also noticed that the corrosion rate of L-PBF samples was slightly

higher due to pitting corrosion.

Weng et al. [72] studied the novel strategy for obtaining thin SS 316L rods using DED in
Z-direction. Both austenite and ferrite phase were identified and the acquired phase further
enhances the mechanical properties of SS 316L samples. In addition, high tensile strength and
shrinkage rates were obtained at optimized parameters. Zhang et al. [73] examined the mechanical
properties of stainless steel by DED at the optimum process parameter. Orthogonal experiments
(L25_5_6) were carried out to optimize the DED process parameters considering the track width
and height, and also developed an ideal overlapping model to build the samples without any
defects. The planar zone and slender epitaxial dendritic microstructure were observed in DED
samples and its mechanical properties were observed to be similar to conventional cold rolled SS
316 plate. It was also noticed that the scanning speed was the most significant parameter
influencing the microstructure morphology and mechanical properties of DED samples rather than
the laser power. Riza et al. [74] investigated the wear behavior under dry and severe conditions of
high-strength steels such as SS 316L and H13 tool steel built by DED. The high COF values were
obtained for DED samples when compared to commercially available grade steel. It could be
ascribed to variation in the chemical composition of DED samples and severe test conditions.
However, the specific wear rate of DED built sample was found to be similar to commercially
available samples, mainly due to ~ 100 % density achieved through DED. Lei et al. [28]
investigated the microstructure, micro-hardness and corrosion resistance of SS 316 by DED with
Gaussian beam and ring-shaped beam. The transition from coarse to fine microstructure was
attained with the rise in scanning speed and decreasing powder feed rate, but laser power was not
significant in governing the microstructure of SS 316. The fine microstructure and high micro

hardness values were obtained with a ring-shaped beam than the Gaussian beam. In addition,

28 | Z)f:g Department of Mechanical Engineering, National Institute of Technology, Warangal (T.S)



coarse microstructure and low corrosion resistance were noted with increasing overlapping ratio.
Milton and Simon [75] studied the microstructure and mechanical properties of SS 316 stringers
at different process parameters. In microstructure analysis, the epitaxial dendritic and cellular
structure was identified in developed stringers. The maximum yield and flexural stresses were 261
MPa and 2388 MPa, respectively and these results were attained with laser power of 200W,
scanning speed of 200 mm/min and an overlapping ratio of 33%. Guo et al.[76] investigated the
microstructure and mechanical properties of DED SS 316L samples at two different build
directions. The homogenous microstructure for 0° build direction sample and coarse dendritic

structure for 90° build direction were noticed as shown in figure 2.4.
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Figure 2.4 Micrographs of the additive manufactured stainless steels at various building
directions, (a) and (b) the building direction of 0°, (c) and (d) the building direction of 90°, ()

enlarged view of the microstructure corresponding to (b).
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The tensile strength, ultimate strength and elongation of build direction of 0° samples
were better than the 90° and it can be attributed to the loading direction parallel to slicing direction
of the built sample. Tan et al. [77] examined the microstructure, porosity and density of DED built
SS 316 sample. The columnar microstructure was observed with a density of 99.8% and pore size
in the range of 0 - 20.09 um for as-deposited SS 316. Weng et al.[78] selected a novel strategy for
thin rod fabrication in Z-direction using DED process. The dual-phase microstructure (austenite
and ferrite) was observed with maximum tensile strength of 608.24 MPa and 65.08% shrinkage
rate at a laser power of 45.2 W, scanning speed of 0.5 mm/s and powder feed rate of 2.81g/min.
Majumdar et al. [79] optimized the process parameters based on the microstructural study on SS
316L using DED process. The equi-axed grain at top layer, medium columnar grain size at the
interface of two successive layers and epitaxial fine grain at interface of substrate were observed.
The micropores were reduced with low scanning speed and medium powder feed rate, whereas it
increased with power density. Feenstral et al.[80] studied the effect of build height on the
microstructure and corrosion resistance manufacture by DED. Fine equiaxed grains at bottom of
the sample, large columnar grains with the zig-zag pattern at the middle of the sample and large
columnar grains at top of the build sample were noticed. The sample built by DED SS 316 was
subjected to higher pitting corrosion than the wrought iron, but lower than the sample built by
using LPBF.

2.2 Investigation on microstructure and mechanical properties of heat treated
SS 316

Researchers have investigated the effect of heat-treatment on the properties of MAM built
stainless steel structures. Yadollahi et al [81]. investigated the effect of heat-treatment on the
mechanical and microstructural properties of SS 316L built using DED. It was observed that the
hardness of heat-treated samples was lower than that of the as-built samples primarily due to
reduction in the ferrite (6) phase. The increased grain size and isotropic structure were also
observed after heat-treatment. Chen et al. [82] studied the microstructural and mechanical
properties of heat-treated SS 316L samples fabricated by wire arc based DED. The identified
phases in SS 316L were austenite (y), sigma (o) and delta ferrite (§). It was observed that ¢ and
& phases were completely dissolved in austenite phase (y) after heat-treatment and columnar grain

structure changed to equiaxed grain structure, when solution treatment was carried out at 1473 K.
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In addition, it was observed that high corrosion resistance was also achieved after heat-treatment
as shown in figure 2.5.
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Figure 2.5 Potentiodynamic curves of as-deposited and heat treated GMA-AM 316L in
3.5% NaCl solution at 25 °C: (a) as-deposited, (b) 1000 °C/1 h, WQ, (c) 1100 °C/1 h, WQ, (d)
1200 °C/1 h, WQ, (e) 1200 °C/4 h, WQ.

Salman et al.[83] performed annealing at different temperatures (573, 873, 1273, 1373
and 1673 K) on SS 316L processed by LPBF for microstructure and mechanical properties
analysis. It was reported that cellular structure was retained up to the temperature of 873 K and it
disappeared after reaching temperature > 1273 K. The increase in cell size and reduction in the
strength and ductility of samples with heat-treatment temperature was observed as compared to
as-built SS 316L samples. Kong et al.[84] investigated the mechanical properties of SS 316L
fabricated by LPBF after heat-treatment at two different temperatures 1323 K and 1473 K. The
reduction in microhardness from 280 HV to 200 HV was observed after heat-treatment at the
temperature of 1323 K and it was attributed to an increase in dislocation density and grain size
with heat-treatment as shown in figure 2.6.
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Figure 2.6 Relationship of micro-hardness and heat treatment time for SLMed 316 L
stainless steel at 1050°C and 1200°C

Chena et al. [46] studied the effect of heat-treatment on the mechanical properties of
LPBF built SS 316L structures at two different annealing temperature: 673 K and 1073 K. The
results indicated that a high hardness value of 291 HV and enhanced yield strength by 10% were
attained after heat-treatment at 673 K. This was attributed to high dislocation density and nano
silicon precipitates. In addition, increment in cell size, reduction in dislocation density and
hardness, and absence of precipitates were also observed when annealed at 1073 K. Tascioglu et
al.[85] studied the effect of heat treatment temperature on microstructure, mechanical and wear
properties of SS 316L manufactured by LPBF process. The cellular and band structure for as built
sample and its disappearance after heat treatment at 1100°C for 2 hours followed by furnace
cooling were observed. In addition, it was observed that the micro- hardness was reduced by 27%
as shown in figure 2.7.Porosity and Full width at half maximum (FWHM) from XRD analysis
were reduced by 81.4% and 8%, respectively. However, a decrease in wear rate was noticed after

heat treatment due to low porosity.
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Figure 2.7 Micro hardness of SLM as- built and heat-treated specimens

Kamariah et al. [86] investigated the microstructure and micro-hardness of SS 316L
processed by LPBF after heat treatment. As built SS 316L with cellular structure consists of
austenite and ferrite phase was observed, but cellular boundaries disappeared after heat treatment
due to ferrite phase reduction. The hardness of SS 316L was reduced by 19.34 % after heat
treatment at 1100°C for 2 hours followed by furnace cooling. Saeidi et al. [87] performed the heat
treatment analysis to understand the microstructure characteristics and micro hardness of SS 316L
fabricated by LPBF process. As deposited SS 316L consists of austenite and a small amount of
ferrite phases, and microstructure comprising of sub-micron cells with dislocation were noticed.
The disappearance of submicron cells as well as ferrite phase was noticed when heat treatment
temperature reaches above 900°C. The yield stress, tensile strength, micro hardness of as laser
melted SS 316L were reduced by 8.11%,4.12% and 41.5%, respectively as compared to that of
heat-treated SS 316L at 1100°C. Saeidi et al. [88] studied the microstructure characterization of
SS 316L manufactured by LPBF. The austenite phase and columnar sub grain microstructure was
noticed for as-built SS 16L samples. It was observed that the sub grain boundaries in
microstructure enriched with Molybdenum including high dislocation concentration. Kong et al.
[89] investigated the microstructure and corrosion behavior of post heat-treated SS 316L processed
by LPBF process. A significant increase in grain size was observed when the heat treatment
temperature reached above 1050°C. The microstructure of SS 316L consists of sub grains with
dislocations in the as-built condition, which disappeared after heat treatment. The corrosion
resistance of heat-treated samples was more than as deposited SS 316L due to low porosity in heat
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treated samples. Laleh et al. [90] studied the effect of post heat treatment process on the pitting
corrosion resistance of SS 316L built by LPBF process. The high pitting corrosion resistance was
noticed for LPBF samples as compared to wrought iron up to post heat treatment temperature
1000°C. A drastic decline in pitting corrosion of SS 316L samples was observed above 1000°C

due to magnesium silicate inclusions transformed to manganese chromite.

2.3 Investigation on microstructure and mechanical properties of DED SS 316

based composites

Literature indicates that a considerable amount of work is being carried out globally to
develop composites using DED. Wu et al. [91] studied the microstructure and corrosion resistance
of DED built SS 316L-SiC based composite at different SiC fractions ranging from 4 - 16 %. The
fine grain structure with y-(FeCrNi) and a- (FeCrNi) phases were observed. An improvement in
hardness by 169% primarily due to solid solution strengthening and high dislocation density was
observed. Composites with 12 and 16% SiC showed lower corrosion resistance as compared to
composites with 4 and 8% of SiC due to the high content of SiC and the formation of iron silicides.
Farayibi et al. [92] investigated microstructure evolution and hardness behaviour of DED built
TiAl4V - TiB, composites using satellited TiB> powder particles. The deployment of satellite
powder leads to enhancement in microstructure homogeneity and uniform distribution of TiB>
elements in Ti matrix as compared to the simple powder mix process. The hardness of 440-480
HV was observed in the deposited composite due to the presence of TiB: reinforcement. The wear
and corrosion performance of laser deposited SS 304 reinforced with Al2Oz particles at 10%
volume fraction was performed by Xu et al [93]. The micro-hardness and wear resistance
enhanced by 200% and 80.3%, respectively owing to grain refinement and martensite formation.
In contrast, better corrosion resistance was obtained with SS 304 coating than the composite
coating. Paul et al. [94] investigated the erosion behaviour of Nickel-based composite involving a
different fraction of tungsten carbide particles using the Taguchi method. It was observed that the
erosion behaviour was more influenced by particle jet velocity followed by the impact angle.
Dissociation/partial melting/full melting of WC particles was not detected in the built layers. The
microhardness of the deposition zone was observed to range from 900-2400 VHN as opposed to
230-270 VHN on the substrate. Gorunov [95] investigated the microstructure, micro hardness and

wear behavior of carbon fiber reinforced SS 316L and Inconel 718 (Inconel 718/carbon fibre/ SS
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316L) composites developed by DED. It was observed that the carbon disintegrates from carbon
fiber and interacts with Cr resulting in chromium carbide formation (Cr23Ce and Cr7Cs)and the
hardness increased by 2 times as compared to SS 316L and 1.5 times as compared to Inconel718.
It was seen that the average wear volume of Inconel 718/carbon fibre/ SS 316L composite is lower
than DED built Inconel 718, which shows that the wear resistance of the deposited composite is
higher than Inconel 718 and provides better service at higher load when paired with steel-based
materials. The influence of laser energy per unit length on the microstructure, micro hardness and
wear behaviour of TiC/Inconel 718 composites built using DED was investigated by Sainan and
Dongdong [96]. Well distributed TiC particles were identified in the energy range of 100-160
kJ/m, whereas the little amount of micro pores were noticed at low energy 80 kJ/m. The high
hardness and wear resistance were noticed at high laser energy per unit length (160 KJ/m) due to
large interface layer with carbide formation ((Ti,M)C (M=Nb and Mo)) between matrix and TiC
particles, and fine microstructure. The microstructure evaluation, presence of phases and micro-
hardness of metal matrix composite was studied by Shishkovsky et al. [97] using binary and ternary
intermetallic structure through DED. The system consists of Ti-Al, NiCr-Al and NiTi-Al alloys in
which different binary and terinary intermetallic structures were identified. From the results, the
highest hardness was 1000 HV obtained with NiTi-Al alloys because of Nix(Al, Ti). Ramakrishnan
and Dinda [98] investigated the microstructure of DED built 82 wt % Al and 18 wt % W (82Al-
18W) aluminum matrix composites at a different scanning speeds of 1.5 mm/s, 6 mm/s and 12
mm/s. At a scanning speed of 12 mm/s, fine microstructure with varying sizes of Al-W
intermetallic phases especially at the interface of W particles and grain boundaries were identified.
In addition, it was noticed that the developed Al-W composite showed more strength than the pure
aluminium. Betts et al. [99] developed SS 316 based composites using DED and the performance
of composites was evaluated by wear and corrosion test. The performance of the composite was
poor at higher laser power due to the melting of Al.Os. The wear resistance of austenitic stainless
steel increased with tungsten carbide addition. However, corrosion resistance reduced with WC
addition because of chromium depletion as a result of chromium carbide formation during
solidification. Li et al. [100] studied the microstructure, tensile and wear performance of
Aluminum metal matrix composite (AMC) fabricated by DED process. In microstructure analysis,
coarse AlgsFes laths and fine AlisFes particles were identified. The samples were extracted from a

different region of composites for evaluating ultimate strength, ductility and hardness, and results
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showed that the ultimate strength remains the same at every region, whereas ductility at the top
region (3.8%) is higher than bottom region (1.1%). The maximum hardness of 84.12 HV was
noticed at the bottom region and also wear resistance offered by AMC was higher than the wear
resistance offered by conventional cast Al-12Si alloy. Huang et al. [101] studied the effect of
scanning speed (low speed (50-100 mm/min) and high speed (700-900 mm/min)) on the
microstructure and mechanical properties of alumina/aluminum titanate composites manufactured
by DED process. The minimum cracks and pores were identified at the optimum scanning speed
range (300-500 mm/min). The identified phases were a-Al.Oz and Al Ti2O13 in microstructure and
also noticed secondary dendrite of Al,Ozat high scanning speed. The increase in fracture toughness
was noticed with an increased scanning speed due to grain refinement, whereas flexural strength
was reduced with scanning speed due to porosity. Liu et al. [102] investigated the effect of laser
energy density on relative density, microstructure analysis and mechanical properties of 5 Wt.%
TiC/AISI420 stainless steel composites. The relative density of composite is reduced at low laser
energy density due to insufficient energy resulting in pores and cracks formation. The fine
microstructure and uniform distribution of TiC particles were observed along the grain boundaries
with an increase in the laser energy density. The ultimate strength, ductility and micro- hardness
of composite were 1452.5MPa, 8.65% and 592.2+53.6HV, respectively at a laser energy density
of 85.6 J/mm?,

Ajay et al. [103] evaluated the microstructure and mechanical properties of graphene
reinforced SS 316L composite manufactured by selective laser melting. In microstructure study,
elongated and randomly oriented grains in build direction were observed and it might have
ascribed to large thermal gradients. The hardness and yield strength of 0.2% graphene reinforced
SS 316L are increased by 25% and 70% when compared with casted and hot pressed SS 316L
sample. ShifengWen et al. [104] tailored the microstructure and mechanical properties of reduced
graphene oxide (RGQO)/S136 metal matrix composite prepared by LPBF. The reduced average
grain size of 0.75um was noticed at 0.1 Wt% of RGO and also noticed that the cellular dendritic
grains transition to fine equiaxed grain with increasing RGO content. The maximum hardness,
yield strength and tensile strength of 580.6 £ 15.4 HV, 515.8 + 15.3 MPa and 535.3 + 18.5 MPa
were noticed respectively at 0.1% RGO content in S136 powder due to grain refinement, stress
transfer and high dislocation strengthening. O.0. Salman et al. [105] studied the effect of TiB:
particles in SS 316L matrix on microstructure and mechanical properties fabricated by LPBF. The
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cellular structure with sub grains, TiB> circular precipitates along the grain boundaries and
reduction in cell and grain size were noticed in microstructure analysis. The yield strength of
composite at 2.5 and 5% of TiB: is increased by 46% and 105% when compared with unreinforced
SS 316L samples. Y. Han et al. [106] studied the microstructure and mechanical properties of the
SS 316L reinforced with 0.1 wt.% single-layer graphene nanoplatelets (GNPs) manufactured by
selective laser melting process. The high-density distribution of GNPs in the composite are noticed
at grain boundaries resulting in fine grain structure. The ultimate strength of the composite was
improved by 17.9 % without disturbing the ductility of SS 316L. W Zhai et al. [107] studied the
mechanical properties of SS 316L by the addition of 1% TiC and 3% TiC processed by selective
laser melting. The grain size of 3% TiC is reduced by 78% as compared to as build condition. The
yield strength, ultimate strength and elongation of SS 316L composite (3% TiC) is improved by
40%, 36% and 46% respectively as compared to as-built condition as shown in figure 2.8. It might

be attributed to the grain refinement and excellent wettability of TiC particles.
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Figure 2.8 Tensile strain-stress curves of SLM-316L, 316L-1TiC and 316L-3TiC

2.4 Effect of process parameters on track geometry and thermal aspects

involved in DED process

Chang Li et al. [108] validate the experimental with numerical simulation by cladding Fe60
on ASTM 1045 substrate and noticed that the close agreement between the two results. Besides,
observed that 5%, 50%, and 45 % account for planar, thick dendritic and equiaxed crystals

respectively were noticed during microstructure analysis. Wei Yaa et al. [109] investigated the
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track geometry and thermal cycles during single and multi-track deposition and also compared
with simulation results. The prediction error between experimental and simulation was 5%. Simon
Morville et al. [110] reported the fluid flow and heat transfer analysis during multi-track analysis.
The impact of layer thickness, melt pool size and dilution on the surface finish was studied. It is
observed that the increase in melt pool size and dilution are given high surface finish whereas
reduction in layer thickness showed the improvement in surface finish. In addition, behaviour of
melt pool and the effect of surface tension on melt pool size was also considered during multi-
track analysis. The three-dimensional heat transfer analysis of DED was investigated by V. Neela
and A. De. [111]. The thermal variations in the melt pool were studied during multi-layer
deposition. Further added that non-dimensional specific heat energy was optimized to obtain a
steady melt pool resulting which improve interlayer bonding. The 3D heat transfer model was
developed by Alireza Fathi et al. [112] to forecast the melt pool behaviour, track geometry and
dilution ratio, and also compared the model with experimental results. The dilution was increased
nonlinearly with scanning speed whereas the increase in dilution and melt pool depth with laser
power was observed. Shaoyi Wen et al. [113] reported the 3D transient analysis for laser direct
deposition of SS 316L. In this study, a comparative study on simulation and experimental was
done about track width and height, and temperature distribution with in the process. From the
results, the maximum velocity and temperature in the melt pool were found to be 0.03 m/s and
2300 K, and obtained results well agree with experimental results. P Peyre et al. [114] studied an
analytical and numerical model for DED in which powder temperature was estimated by the
analytical model. In addition, temperature distribution and surface morphology of wall geometry
with 25 layers was analysed and also compared with experimental data is obtained from the
thermocouple and fast camera melt pool. Ehsan Toyserkani et al. [115] did the comparative study
between simulation and experimental results with regard to track dimensions like width and height
by changing laser pulse shape. In addition, found that close relation was noticed between
simulation and experimental results. A. Baumard et al. [116] done the numerical analysis on grain
structure formation of SS 316L manufactured by SLM process. The grain size was reduced with
decreasing laser power at constant speed, or by increasing scanning speed. And also noted that the
developed thermal model was validated for considering the effect of process parameters on the
grain structure in SS 316L parts. Tian et al. [117] were performed the numerical analysis on single

track deposition of SS 316L using SLM process. The different single-track morphologies were
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identified with the same linear energy density. The single track defects such as balling, porosity
and distortion were noticed from simulation. The unsteady behaviour of melt pool, insufficient
laser energy and Marangoni effect were main reason for porosity, balling and distortion effect
respectively. The literature review of DED built SS 316, after heat treatment, and its composites

is summarised in table 2.1.

Table 2.1 Literature summary of DED built SS 316 and SS 316 L, after heat treatment and its

composites

SS 316 and SS 316 L are manufactured by DED and PBF processes

Author

Year

Process parameters

Findings

S. Afkhami [63]

2021

Not available

Hardness, fatigue and

tensile strength

J Chen et al. [52]

2020

Laser power of 200 W, scanning
speed of 1200 mm/s, layer thick
ness of 0.03 mm, and scanning
space of 0.07 mm

Tensile strength and

hardness

Yusuf et al. [53]

2020

Laser power of 200 W, scanning
speed of 1600 mm/s, layer thick
ness of 0.03 mm and island
strategy

Microstructural study,
micro-hardness and wear
rate

Richard [54]

2020

Laser power of 200 W, exposure
time 80 ps, layer thick ness of
0.05 mm and hatch spacing of
110 um

creep rate

G. Sander et
al.[55]

2020

Laser power of 205 W, scanning
speed of 960 mml/s, layer thick
ness of 0.04 mm and hatch
spacing of 110 um

Corrosion study

M Ahmed et al.
[56]

2020

Volumetric energy density 89
Jimm?3

Comprehensive assessment
of spattered material

Y. Song et al.[57]

2020

Laser spot diameter of 80 um,
wave length of 1070 pm, and
ayer thick ness of 0.03 mm

Microstructural study,
hardness and tensile strength

V. H. Dao et al.
[59]

2020

Laser power of 275 W, spot size
of 115 pum, scanning speed of 700
mm/s, layer thickness of 50 um
and hatching distance of 0.12 mm

Creep and tensile strength

Y. Sato et al. [60]

2020

Laser power of 150- 200 W, laser
beam diameter of 100 um, layer
thick ness of 0.05 mm and hatch
spacing of 25 um

Spatter effect on developed
material
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M. Laleh et al.[62]

2020

Laser power of 125- 175 W a nd
scanning speed of 400-800 mm/s

Corrosion

R.K. Upadhyay et
al.[64]

2020

Wave length of 1070 nm, focus
diameter of 50 pm and layer
thick ness of 25 um

wear

P. Margerit et
al.[68]

2020

Laser power of 245 W, laser
beam diameter of 0.338 mm,
scanning speed of 33 mm/s, layer
spacing of 0.2 mm and powder
flow rate 6 g/s

Tensile and ductile fracture

Feenstral et
al.[80]

2020

Not available

Microstructural study,
hardness and corrosion

Weng et al. [72]

2019

Laser power of 34.3 and 45.2 W,
scanning speed of 0.4,0.5 and 0.6
mm/s, and powder flow rate of
2.46,2.81 and 3.09 g/min

Microstructural study and
tensile strength

Lei et al. [28]

2019

Laser power of 500-1000 W,
scanning speed of 4-12 mm/s,
powder flow rate of 1.6-2.8 rpm
and overlap ratio 30-50 %

Microstructural study,
hardness and corrosion

Tan et al.[77]

2019

Laser power of 1.4 KW, scanning
speed of 1000 mm/min, powder
flow rate of 14 g/min and overlap
ratio 60 %

Microstructural study
porosity, density analysis
and micro-hardness

Li etal. [50]

2018

Not available

Wear rate and coefficient of
friction

Guo et al.[76]

2017

Laser power of 2 KW, scanning
speed of 125-200 mm/s, spot
diameter of 5 mm, layer thick
ness of 1 mm and hatch spacing
of 3 mm

Zhu et al. [49]

2016

Laser power 200 W, scanning
speed 700 mm/s and layer
thickness 30 um

Wear rate

Riza et al. [74]

2016

Laser power of 500 W, scanning
speed of 60-80 mm/min and
powder flow rate of 2.5-3 g/min

Wear

Zhang et al. [73]

2014

Laser power of 600-1400 W,
scanning speed of 2-10 mm/s and
powder flow rate of 4-20 g/min

Microstructural study,
hardness and tensile strength

Sunetal. [51]

2014

Laser power of 150- 200 W,
scanning speed of 125-200 mm/s,
laser beam diameter of 35 pm,
layer thick ness of 0.05 mm and
hatch spacing of 90 um

Wear and corrosion

40 |

Department of Mechanical Engineering, National Institute of Technology, Warangal (T.S)




pm, scanning speed of 1000
mm/s, layer thickness of 30-100
pm and powder flow rate 6 g/s

Milton and Simon | 2014 | Laser power of 200- 350 W, | Microstructural study and

[75] scanning speed of 200-500 | tensile strength
mm/min and overlapping ratio of
33%

Ma et al.[70] 2013 | Laser power of 600-1650 W, | Relative density, micro-
scanning speed of 400-1400 | hardness and tensile strength
mm/min and powder flow rate of
9.8-29.24 g/min

Sun et al.[71] 2013 | Not available Wear test

Tolosa et al.[69] | 2010 | Laser beam diameter of 80-300 | Micro-hardness and tensile

strength

Effect of heat treatment on SS 316 and SS 316 L is man

ufactured by DED and PBF

speed of 800 mm/s, hatch

processes
Tascioglu et | 2020 | Laser power of 200 W, layer | Microstructural study
al.[85] thickness of 50 um and hatch | porosity, micro-hardness
distance of 110 pm, exposure | and wear
time of 80 ps and hatch pattern
strategy
Laleh et al.[90] 2020 | Laser power of 175 W, scanning | Corrosion
speed of 400 mm/s, hatch spacing
of 100 pm and layer thickness of
30 um
Salman et al.[83] | 2019 | Laser power of 175 W, scanning | Microstructural study
speed of 688 mm/s, hatch spacing
of 120 um and layer thickness of
30 um
Kong et al.[84] 2019 | Not available Microstructure evolution
Chena et al.[46] 2019 | Not available Microstructure evolution
Kong et al. [89] | 2018 | Laser power of 195 W, scanning | Microstructure  evolution
speed of 1083 mm/s, hatch | and corrosion
spacing of 25 pum and layer
thickness of 25 um
Kamariah et | 2017 | Laser power of 200 W, scanning | Microstructure  evolution,
al.[86] speed of 800 mm/min and layer | hardness and tensile strength
thickness of 30 pm
Yadollahi et | 2015 | Laser power of 360 W, scanning | Microstructure  evolution,
al.[81] speed of 8.5 mm/s, hatch spacing | hardness and tensile strength
of 0.5 mm, and layer thickness of
0.5 mm
Saeidi et al.[87] 2015 | Laser power of 195 W, scanning | Microstructure  evolution,

hardness and tensile strength
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spacing of 0.1 mm and layer
thickness of 0.02 mm

SS 316 and SS 316 L based composites are manufactured by DED and PBF processes

Ajay Mandal et | 2020 | Laser power of 320 W, layer | Microstructural study

al. [103] thickness of 30 um, hatch | porosity, density analysis,
distance of 120 um and exposure | micro-hardness and tensile
time of 100 ps strength

W Zhai et al.[107] | 2020 | laser power of 200 and 225 W, | Microstructure  evolution
scanning speed of 800 mm/s, | and tensile strength
Layer thickness of 30 um, Hatch
distance of 70 pm,

Wu et al.[91] 2019 | Laser power of 2000 W, laser | Microstructure  evolution,
spot diameter 5 mm, scanning | hardness and corrosion
speed of 8 mm/s, powder flow
rate of 11 g/min, overlap ratio 40
%

0.0. Salman et | 2019 | Laser power of 175 W, scanning | Microstructure  evolution

al.[105] speed of 688 mm/s, layer | and compressive strength
thickness of 30 um, hatch
distance of 120 um and hatch
rotation 79°

FEA analysis of DED built SS 316 and SS 316 L

A. Baumard et |2021 | Laser power of 320 and 400 W, | Prediction of grain structure
al.[116] and scanning speed of 310 and
400 mm/s
Tian et al.[117] 2020 | Laser power of 15-600 W, | Morphology and thermal
scanning speed of 50-1300 mm/s, | behavior of single melt track
layer thickness of 50 um and
powder bed packing density of
0.37
Chang Li et|2019 | Laser power of 900 W, laser spot | Temperature field, velocity
al.[108] diameter 6 mm, scanning speed | field and  solidification
of 1.8 mm/s and powder flow | behaviour
rate of 6.2 g/min.
Wei  Yaa et|2016 | Laser power of 800-3600 W, | Powder efficiency, single
al.[109] laser spot diameter of 6 mm, | track analysis and
scanning speed of 5-20 mm/s, | temperature field
powder flow rate of 0.05-0.5 g/s.
Shaoyi Wen et.al | 2012 | Laser power of 300 W, beam | Track width and height
[113] spot of 0.5 mm, scanning speed | analysis
of 12.7 mm/s, and powder flow
rate of 7 g/min
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Simon Morville et | 2010 | Laser power of 320 to 500 W, | Single  track  analysis,
al.[110] laser beam radius of 0.65 mm, | dilution ratio and multilayer
scanning speed of 0.1-0.4 m/min | deposition analysis

and powder flow rate of 1-2
g/min

2.5 Research gaps

It is observed from the literature that most of the studies are concentrated on LAM of SS
316L. However, there is only very limited study on LAM of SS 316 concentrating on the
microstructural and mechanical properties. Thus, in the present work an attempt is made to perform
parametric investigation and also compared with finite element analysis results. The derive process
parametric combination for maximum deposition rate and hardness, and deploying the above
parameters to investigate the tribological behavior of DED built SS 316. The effect of varying
process parameters of DED on track geometry and also temperature gradients has not been studied.

It is also observed that the published literature mainly concentrates on the effect of heat-
treatment on microstructure and mechanical properties of SS 316L fabricated by LAM, whereas
limited study is carried out on SS 316 built using LPBF and DED. Moreover, to the best of the
author’s information, there is no literature available on the effect of heat-treatment on corrosion
and tribological behavior of stainless steel structures built by LAM. In one of our previous works,
parametric investigation was carried out for fabricating bulk SS 316 structures using DED. The
samples were characterized using microstructure, mechanical and tribological tests.
Microstructure was primarily columnar dendritic in nature with micro-hardness higher than
conventional SS 316 samples. Thus, in the present study a comprehensive investigation is carried
out to investigate the effect of heat-treatment on the microstructure, mechanical, corrosion and
tribological behavior of DED built SS 316 bulk structures.

It was observed from the literature that high-density composites can be successfully built
using DED process by introducing ceramic particles such as SiC, carbon fiber, WC, TiC, and Al20s
in metallic alloys by using single and multilayer deposition. Also, a significant improvement in
hardness, wear and erosion resistance is noticed by incorporating ceramic particles. Among the
different reinforcement materials, WC is selected as a reinforcement material due to its exceptional

properties, like - excellent metallurgical bonding with Fe alloy, ability to retain its hardness up to

i
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1400°C and higher melting point [118] and WC based composites are widely used in gas, oil, and

petrochemical industries. It is observed that limited literature is available in public platforms on

the development of SS 316 — WC based composites using DED process. Therefore, in the present

study the microstructure, micro-hardness, wear and corrosion behaviour of DED built SS 316

based composite is investigated using a different fraction of tungsten carbide.

2.6 Research objectives

1. Process parametric investigations on Directed energy deposited (DED) austenitic stainless

steel 316 using experimental and finite element analysis.
2. Characterization of DED SS 316 bulk samples.
3. Effect of post heat treatment conditions on DED built SS 316.

4. Characterization of DED built SS 316-WC composites at different volume fraction of WC.

2.7 Research Plan

Processing and Characterization of Directed Energy Deposition Based
Additive Manufactured SS 316 and its Composites
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Fig. 2.9 Work plan
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CHAPTER 3
MATERIALS AND METHODS

3.1 Materials

Gas atomized austenitic SS 316 powder particles of size in the range of 45 — 105 um
procured from Powder Alloy Corporation, USA is used for building samples using DED. Figure
3.1 and 3.2 (a) presents the morphology of SS 316 powder used for DED and its powder size
distribution. Powders are typically spherical in nature with satellite particles attached to them.
Table 3.1 presents the chemical composition of SS 316 powder deployed for deposition.
Sandblasted SS 316L substrate with dimensions of 75 mm diameter and 10 mm thickness is used
for DED experiments.

Count

70 1
D10 D50 D90
Bin Center

(a) (b)
Figure 3.1 SS 316 powder used for DED (a) SEM image of powder morphology (b) Powder size

distribution

Table 3.1: Chemical composition of SS 316 powder

Elements C Cr Si Mo S Ni Fe
Weight (%) 0.08 17 1 25 0.035 12 Bal.
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SS 316L is used as the substrate material in sandblasted conditions to improve laser
absorption. Prior to experiments, the substrate is cleaned with acetone to remove the impurities on
the substrate surface. WC powder with the particle size of 45-106 um is used as the reinforcement
material in SS 316 based composites. Figure 3.2 (b) presents the typical morphology of WC
powders used for deposition. The powders are well mixed using a powder mixer (Make: Hexagon
product development, Model: ALPHIE-3, Power supply: 0.3 HP, 230 V) for 6 hours in a clockwise
as well as 6 hours in anticlockwise direction. Figure 3.2 (c) presents the morphology of powder

particles after mixing.

s b
\. i
ND: 10.50 mm SEM HV: 15.0 kV.

SEM MAG: 1.00 kx [ 20 um SEM MAG: 1.00 kx Det: SE

2 Date(midy): 1010119 IT, Warangal 3 Date(midy): 0102120 |

100 pm EHT = 5.00kV Signal A = SE2 Date '8 Mar 2021
- WD = 14.0 mm Mag= 217X Time :2:18:55

(©
Figure 3.2 SEM image of powder morphology of (a) Stainless Steel 316 (SS 316) (b) Tungsten

Carbide (WC) (c) after mixing of SS 316 and WC (8%)
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3.2 Methods

In the present investigation, DED system as presented in figure 3.3 is used for depositing
SS 316. The system consists of a 2 kW continuous wave fiber laser integrated with a 5 axis
workstation and glove box. The system is attached with a dual powder feeder and Argon is used
for carrying the powder to the deposition point. Laser and powder are fed through a co-axial nozzle
to the point of deposition and a constant standoff distance of 15 mm and beam diameter of 3.2 mm
are used for performing the experiments. The X and Y movement is achieved by the movement of
the substrate and the increment in Z- direction for depositing one layer over the other is achieved
by the movement of the laser head. The raster scanning strategy is deployed for bulk samples.

Coaxial Laser
processing Head
=

Powder feeder
System

Continuous Wave
Fiber Laser (2 KW)

b

Argon Gas

CNC controller

With_ S-axes 5-axis CNC Workstation
Manipulator

2 kW Fiber Laser

(a) (b)

Figure 3.3 (a) Schematic of DED system (b) DED system deployed for the experiments

The most significant DED process parameters are laser power, laser spot diameter, scanning
speed and powder feed rate. As changing the laser spot diameter involves changing the
experimental setup, it is kept constant during the study [43]. Full factorial experiments are
performed by varying laser power, scanning speed and powder feed rate. Table 3.2 presents the
levels used for parametric investigation for continuous deposition of SS 316. The levels for DED
process parameters are fixed to avoid discontinuously and cracked deposition using trial
experiments. The laser power is varied from 1000 W to 1400 W, scanning speed is varied from
0.4 m/min to 0.6 m/min and powder feed rate is varied from 3 g/min to 8 g/min at three levels
each. The process parameters yielding continuous deposits with a maximum deposition rate and

hardness are used for bulk deposition as shown in figure 3.4. Subsequent to deposition, the samples
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are cut transverse to the direction of laying using wire cut electrical discharge machining. The

energy input (S) for each level is calculated by equation 3.1. The comparative parameter is akin to

Simchi's energy input relationship, in which higher overall energy input to the material comes from

increased power and decreased scanning speed. Because of the increased mass delivered to the

melt pool and the energy required to melt the succeeding material, the overall energy input reduces

with the addition of powder flow rate.

S =

P

v*m

3.1

Table 3.2: Different combinations of DED process parameters and its corresponding energy

input values
S. No Laser power Scanning Speed | Powder feed rate Laser energy
(W) (m/min) (g/min) (W min*g™'m™)
1 600 0.4 3 500
0.5 400
2 800 0.4 3 667
0.5 533.3
0.6 4444
3 1000 0.4 3 833.3
0.5 667
0.6 955.5
4 1000 0.4 6 417
0.5 333
0.6 271.7
5 1000 0.4 8 312.5
0.5 250
0.6 208.3
6 1200 0.4 3 1000
0.5 800
0.6 666.6
7 1200 0.4 6 500
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0.5 400
0.6 333
8 1200 0.4 8 375
0.5 300
0.6 250
9 1400 0.4 3 1166.66
0.5 933.3
0.6 777.7
10 1400 0.4 6 583.3
0.5 466.6
0.6 389
11 1400 0.4 8 437.5
0.5 350
0.6 292

Figure 3.4 Schematic diagram of SS 316 blocks at different scanning speed

Heat treatment analysis is carried out to understand the behaviour of DED deposited SS
316 samples at different scanning speeds. Table 3.3 presents the DED process parameters used for
fabricating SS 316 samples for heat treatment analysis, considering maximum hardness and
deposition rate [119].
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Table 3.3: DED process parameters for SS 316

Process Parameter Value

Laser power 1000 W

Scanning speed 0.4, 0.5, 0.6 m/min
Powder feed rate 8 g/min
Overlapping ratio 50 %

Laser beam diameter 3.2mm

The fabricated samples are mechanically polished prior to heat-treatment in a muffle
furnace with a quenching facility. The heat-treatment temperatures are selected from previously
published literature for SS 316 [82]. Heat-treatment is carried out at temperature of 1073 K and
1273 K (HT1073 and HT1273) for soaking period of 2 hours, followed by water quenching.

The single-track experiments for SS 316 composite are carried out initially by varying
laser power (1000, 1200, 1400 W) and scanning speed (0.4, 0.5, 0.6 m/min) at a constant powder
feed rate of 8 g/min. The process parameters yielding uniform WC particle distribution inside the
SS 316 matrix is selected for further deposition. The bulk composite samples with different WC
percentage such as 6% WC, 8% WC and 10% WC are deposited at the optimized parameters for

further investigation.
3.3 Characterization tools

The samples are molded with resin and polishing with different grit papers followed by
the diamond polishing. The electrolytic etchant (10% of oxalic acid in distilled water at a voltage
of 5V for 15 s) is opted for microstructure analysis. Stereo microscope and optical microscope are
used for investigating the geometry and microstructure of the deposits, respectively. Average
micro-hardness is measured using a Vickers micro-hardness tester at a load of 0.98 N and dwell
time period of 10 s. X-ray diffraction (XRD) is carried out from 30 - 100° at a scan step size of
0.016°. The Scherrer formula (refer equation to 3.2) is used for calculating crystallite size for DED
samples in as-built and heat-treated samples.
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d= C.A 3.2
~ B.cosH

Where, C is Scherrer constant (0.9), 4 is wavelength of the X-ray source, g is full width half
maximum (FWHM) in radians, @ is peak position in radians. Rietveld analysis is carried out to
estimate the volume fraction of phases in as-built and heat-treated conditions. Porosity analysis is
carried out on the optical microscopy images using Image J software. The single cycle Automatic
Ball Indentation (ABI) test is opted to compare the plasticity retaining capability of as-built and
heat-treated samples as shown in figure 3.5. ABI is carried up to the maximum load of 100 N at a

rate of 0.1 mm/min and unloading cycle till load of 10 N.

Figure 3.5 Automatic Ball Indentation (ABI) experimental test

Corrosion study is carried out using electrochemical corrosion set up as shown in figure
3.6. SS 316 samples polished up to 2000 grade grit paper and cleaned with acetone are used as the
working electrode (WE) with an exposed area of 1 cm?. 3.5 % NaCl solution in distilled water is
used as the medium for the study. Ag/AgCl and platinum are used as reference electrode (RE) and
counter electrode (CE), respectively during the study. Open circuit potential (OCP) is monitored
for 1 hour and subsequent to the stabilization of the solution, the Tafel test is carried at a scan rate
of 0.16 mV/sec.
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Figure 3.6 Electrochemical setup for corrosion test

Tribology tests are performed using a Pin-on-Disc apparatus as per ASTM-G99 standards as
shown in figure 3.7. Cylindrical pins of size 5 mmx27 mm is extracted using wire-cut electrical
discharge machining. The extracted pins are polished using different grit papers prior to the
tribology test. The EN 31 stainless steel disc with a dimension of 165 x 8 mm is used as a counter
material for tribology test. The acetone is used for cleaning the disc and test samples before and
after each experiment. The experiments are conducted at constant a sliding distance of 1000 m at
different values of normal load (10, 20 and 30 N) and sliding velocity (0.5, 0.75 and 1 m/s). Wear
volume is estimated using equation 3.3 and the specific wear rate (SWR) is calculated using
equation 3.4. Scanning Electron Microscopy (SEM) is used to analyze the worn surface to
understand the wear mechanism. The sliding distance of 1000 m, sliding velocity of 0.5 m/s and
normal load of 10 N are selected for conducting pin-on disc experiments for heat-treated samples.
Tribology test for composite samples is carried out at normal load of 20 N, sliding velocity of 1

m/s and sliding distance of 1000 m

Wear volume (mm?3) = Shange in weight (AF) (3.3)
Density (p)
3
SWR (mmgle) — Wear volume(mm~) (34)

Normal load (V)xSliding distance(m)
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Figure 3.7 Experimental setup for Tribology test
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CHAPTER 4

Process parametric investigations on Directed energy
deposited (DED) Austenitic stainless steel 316 using
experimental and finite element analysis

4.1 Introduction

In the previous chapters, the laser additive manufacturing (LAM) process was introduced,
the literature review was carried out, gaps were identified and objectives were defined. In addition,
the various experimental tools and material details were discussed. It is understood from the
literature survey that parametric investigation is important to identify process parameters for
continuous tracks deposition without the porosity and cracks for any material during LAM. Process
parameter selection is also important for controlling the geometry of LAM built structures. In this
chapter, parametric investigation is carried out to identify range of optimum process parameter
combinations based on the track geometry by varying two combined DED parameters: laser energy
per unit length (E) and powder feed per unit length (F). Combinations of process parameters yielding
maximum hardness and maximum deposition rate are selected for bulk investigation. In addition,
experiment results of track geometry are compared with finite element analysis at different

combination of process parameters.

4.2 Process parametric Investigation

Initially, the single-track trial experiments are carried out by varying two combined DED
parameters: laser energy per unit length (E) and powder feed per unit length (F) as shown in Table
4.1. E denotes the ratio of laser power to scanning speed and F refers to the ratio of powder feed
rate to scanning speed. It is observed that discontinuous tracks are observed below 85 kJ/m and
above 20g/m values of E and F, respectively. It is primarily because of the unavailability of
sufficient “E” for regular track formation/ deposition (refer Figure 4.1a). Blackened and circular
beads are observed above 210 kJ/m and below 5 g/m (refer Figure 4.1b). Continuous tracks are
noticed above 85 kJ/m. It is primarily because of larger thermal energy due to higher “E” and lower

F. Finally, the range of process parameters are used for continuous track deposition tabulated in 3.2.

i
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Table 4.1: Trial experiments at different laser energy per unit length (E) and powder feed rate
per unit length (F)

S. |[P(W)|v m E F Track image Remarks

No (m/min) | (g/min) | (KJ/m) | (g/m)

1 600 0.4 3 90 75 No deposition
0.5 72 6

2 800 0.4 3 120 75 Discontinuous
0.5 96 6 tracks
0.6 80 5

3 1000 | 0.4 3 150 75 continuous
0.5 100 6 tracks
0.6 85.7 5

4 1000 | 0.4 6 150 15 continuous
0.5 100 12 tracks
0.6 85.7 10

5 1000 | 0.4 8 150 20 continuous
0.5 100 16 tracks
0.6 85.7 13.3

6 1200 |04 3 180 75 continuous
0.5 144 6 tracks
0.6 120 5

7 1200 |04 6 180 15 continuous
0.5 144 12 tracks
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0.6 120 10
8 1200 | 0.4 180 20 continuous
0.5 144 16 tracks
0.6 120 13.3
9 1400 (04 210 75 continuous
0.5 168 6 tracks
0.6 140 5 & Blackened
10 | 1400 | 0.4 210 15 continuous
0.5 168 12 tracks
0.6 140 10 & Blackened
11 | 1400 | 0.4 210 20 continuous
0.5 168 16 tracks
0.6 140 13.3 & Blackened

Figure 4.1 Single track deposition at combination of a) E< 85 KJ/m & F> 20 g/m and b) E> 210

KJm & F<5g/m
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Energy input calculations are carried out by considering combined effect of laser power,
scanning speed and powder feed rate. Discontinue tracks are noticed when laser power < 800 W,
scanning speed of > 0.5 m/min and at constant powder feed rate of 3 g/min due to insufficient
energy to melt the powder material. Continuous tracks are noticed when laser power > 1000 W,
scanning speed of 0.4, 0.5 and 0.6 m/min and different powder flow rate of 3 g/min, 6 g/min and
8 g/min. The identified optimum range for continuous tracks for laser deposited SS 316 is (208.3-
1166.66) Wmin?g~'m~! when laser power > 1000 W.

Adopting the full factorial design of experiments for analyses at three levels, twenty-
seven tracks are laid by varying laser power, scanning speed and powder feed rate. The cross-
section of single tracks is analyzed using optical microscopy and track width (W) and height (H)
of track cross-section is measured at different locations using Image J software. Figure 4.2 presents
the typical cross-section of DED single track deposit. Table 4.2 presents the width, height,
deposition rate and hardness of single tracks deposited at different combinations of DED

parameters.

. .' . TlaCkW\dth(W)

I iy Substl ate i n}t‘erfacg
X

Figure 4.2 Typical cross-section of track geometry

Table 4.2: DED process parameters with track geometry, deposition rate and micro-hardness

S. | Laser | Scanning _
Powder feed DR Average micro-
No | power speed _ )
) rate( g/min) (mm?3/min) hardness
(W) (m/min)
1 | 1000 0.4 3 260.78 + 13.04 213.6 £5.34
2 | 1200 0.4 3 371.78 + 18.6 213.9 £5.35
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3 | 1400 0.4 3 471.56 + 23.6 237.9 £5.95
4 | 1000 0.4 6 499.89 + 25 249.2 +6.23
5 | 1200 0.4 6 881.57 + 14.08 230 £5.75

6 | 1400 0.4 6 911.00 +£25.55 208.5 £5.21
7 | 1000 0.4 8 1175.18 +25.76 296 +7.4

8 | 1200 0.4 8 1276.30 +28.81 212.7 £5.32
9 | 1400 0.4 8 1434.79 +23.74 202.15 £5.05
10 | 1000 0.5 3 248.41 +£12.42 203.4+5.08
11 | 1200 0.5 3 436.94 +£21.85 225.5 +7.27
12 | 1400 0.5 3 434.96 £21.75 206.56 +7.33
13 | 1000 0.5 6 456.13 +22.81 243.4 +6.08
14 | 1200 0.5 6 789.19 +39.46 247.1 £8.35
15 | 1400 0.5 6 834.43 +24.72 230 £10.5

16 | 1000 0.5 8 1291.28 +38.56 262.18 £6.55
17 | 1200 0.5 8 1311.71 +£39.58 218 £8.9

18 | 1400 0.5 8 1312.2 +65.61 204 £8.2

19 | 1000 0.6 3 195.87 £9.79 194.2 +4.85
20 | 1200 0.6 3 354.17 £17.70 220.3 £7.01
21 | 1400 0.6 3 405.38 £20.26 214.6 £6.73
22 | 1000 0.6 6 427.66 £21.38 241.45 +£6.03
23 | 1200 0.6 6 664.37 £33.21 211.2 £9.56
24 | 1400 0.6 6 834.21 £21.71 245 £8.25

25 | 1000 0.6 8 913.43 +£27.67 258.6 +6.46
26 | 1200 0.6 8 1169.28 +35.46 218 £8.9

27 | 1400 0.6 8 1261.31 +£33.06 195.25 £9.76
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Figure 4.3 Variation of (a) Track width (b) Track height under different laser power and
scanning speed at constant powder feed rate of 8 g/min

Figure 4.3 presents the variation of track geometry with laser power and scanning speed at
a constant powder feed rate of 8 g/min. It is observed from figure 4.3a that the track width increases
with laser power at a constant powder feed rate and it is attributed to an increase in laser energy
per unit length (laser power/scanning speed) resulting in large melt pool width. Similarly, the rise
in track height with laser power of 1000 W is observed. However, the reduction of track height is
observed at higher values of laser power (> 1200 W). It is ascribed to excessive laser energy per
unit length causing the material loss due to evaporation of low melting point of chemical elements,
which directly influence the microstructure and mechanical properties of DED built SS 316. The
observations are in line with other research work [120]. In addition, the decrease in track width
and height with increased scanning speed is noticed at all process parameter combinations. It can
be attributed to the reduction in laser energy per unit length during single track deposition and
reduction of interaction time (Beam diameter/scanning speed).

Further, the deposition rate is estimated using equation 4.1, where n is the geometry factor
and v is the scanning speed. [43]. Deposition rate increases with laser power whereas it decreases
with scanning speed as shown in figure 4.4a. This is due to the combined effect of laser energy per
unit length and powder feed per unit length (powder feed rate/scanning speed). An increase in laser
energy per unit length and powder feed per unit length leads to an increase in deposition rate at a
higher value of laser power and powder feed rate, and lower values of scanning speed due to a

wider melt pool and a large amount of powder available for deposition.
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Figure 4.4 Effect of laser power and scanning speed on (a) Deposition Rate (b) Micro-hardness

Figure 4.4b presents the variation of hardness along with the vertical distance from the
substrate to laser deposited track top surface at a constant laser power of 1000 W. A sudden
transition in hardness started from the interface of track and substrate owing to large thermal
gradients. A sudden increase is observed at 0.4 m/min and 0.5 m/min, but a sharp decrease is
observed at 0.6 m/min at the substrate and track interface. This variation can be due to the
difference in the grain structure between substrate and deposit. Figure 4.5a shows the fluctuations
in hardness with different powder feed rate and laser power at a constant scanning speed of 0.4
m/min. The low hardness values are attained at high laser powers (=1200 W) especially with high
powder feed rates (= 6 g/min) and it might be attributed to higher laser energy per unit powder
feed rate subsequently more voids and pores. It can be observed from figure 4.5b that the high
hardness value is attained at high powder feed rate under constant laser power of 1000 W. It is
attributed to lower values of laser energy per unit powder feed rate (Laser power/ Powder feed
rate), resulting in high hardness and cooling rates. Apart from this, the reduction in hardness values
is noticed when scanning speed increases from 0.4 to 0.6 m/min. It can be ascribed to high porosity
and lack of fusion during deposition at higher values of scanning speed (0.5 and 0.6 m/min). The
diamond tip of the Vickers micro-hardness intender easily penetrates into the track surface due to
the presence of pores within the measured area. This results in a lower value of micro-hardness at

a higher scanning speed. This is in line with the previous observations on L-PBF built SS 316L
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samples [48]. Considering the applications of the present work, maximum deposition rate and
hardness are considered as the criteria for selecting the process parameters for bulk deposition.
Higher hardness values of 258.6, 262.18, and 292 HV are attained with laser power of 1000 W,
deposition rate of 8 g/min and at 0.4, 0.5 and 0.6 m/min. The high deposition rates are achieved at
a laser power of 1200 and 1400 W as shown in figure 4.4a, but low hardness values are observed
due to the presence of pores and voids inside the sample as shown in figure 4.5a. It can be attributed
to the evaporation of low melting point elements in SS 316 [72]. In addition, it can be seen from
figure 4.5b that hardness reduces with an increase in scanning speed due to increased porosity and
a similar observation is reported by Sun et al. [51]. Thus, the identified combination of process
parameters: laser power of 1000W, powder feed rate of 8 g/min and different scanning speed of
0.4 m/min, 0.5 m/min and 0.6 m/min for maximum hardness and deposition rate. Further, three
blocks are deposited with dimensions of 25 mm x 25 mm x 10 mm at 50% overlap for further
investigations.

300 ;
—=— P 1000W 300
2804 —e— P 1200W —=—v 0.4 m/min
S —— P 1400W 2801 —e—v 0.5 m/min
2604 — —4—v 0.6 m/min
< 2 2601
1%} i =
3 240 8 240
g 2204 5 220
T T
200+ il 2001
180+— : : T : . 180 +— . . . . .
3 4 5 6 7 8 3 4 5 6 7 8
Powder feed rate (g/min) Powder feed rate(g/min)
(a) (b)

Figure 4.5 Variation of hardness under different powder feed rate and (a) laser power at constant

scanning speed of 0.4 m/min (b) scanning speed at constant laser power of 1000 W

4.3 Finite element analysis
4.3.1 Assumptions

1. The material is considered to be isotropic

2. The effect of surface tension and capillary is negligible.
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4.3.2 Governing equations

An axisymmetric model with the dimension of (5 x 2 mm) has been developed to predict
the track geometry and thermal analysis during DED process using Comsol Multiphysics 5.3 as

shown in figure 4.6.

Figure 4.6 Schematic axi-symmetric model for DED

The energy and mass balance equations (4.2 and 4.3) are used in the present analysis [109].

a(T)

pCy——+ pCVpAT +V(=KAT) = Q,-Q (42)
__A,pv
ot 4.3)

where p is density (%), T is temperature (K) , C,, is specific heat capacity (J/kg.K), tis time (s),

Vi is boundary velocity (m/s) , Q.. is heat source (%) and K is thermal conductivity (W/m?K), Q

loss 1S the energy lost into ambient air by thermal radiation and convection and by heat

conduction,A; is track area, n is powder efficiency and v is scanning speed.
4.3.3 Heat source

Temperature distributions have a significant impact on the track geometry created during
laser deposition. The energy absorbed by the substrate and powder components determines the
temperature distributions inside the melt pool. The laser energy used in this current study is
implemented by equation (4.4) [110] .For the Nd:YAG laser, the absorption by steel substrate is
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assumed to be constant, with a value of roughly 0.47. Using the rule of mixtures, the absorptivity
of various alloys may be estimated given their composition and the absorptivity of the constituent

elements.

_(4.454P)
Q.= — exp(—4.5

(r-vt)?
2

r

) (4.4)

Here, the substrate temperature is considered to be room temperature , 4 is a fraction of
heat input to powder, P is laser power, v is scanning speed, 7 is laser beam radius, ¢ is emissivity,
m is powder feed rate and % is convective heat transfer coefficient. The parameters are used for

the FEM analysis presented in Table 4.3.

Table 4.3: Parameters used for finite element analysis

Parameters Values
A 0.47
Po 7000 25
r 1.6 mm
T, 273.15K
10 —
€ 0.7
Cp 500 J/kg.K
K 16 W/mK

4.3.4 Resolution Parameters & Mesh

The triangular mesh is applied to model and the maximum and minimum mesh sizes are
50 um and 0.1 um, respectively. The material deposition throughout the DED process is shown by
the expansion of the top surface. The moving mesh is controlled by Dgnodes in COMSOL using
the laplace smoothing approach. The direct PARDISO solver is used in conjunction with the
generalized- time solver to accomplish the iterative solution. The relative and absolute tolerances

are 102 and 107, respectively.
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4.3.5 Boundary conditions

The boundary conditions are applied for the axisymmetric model presented in table 4.4.
The track geometry is developed by using moving mesh which takes into account for mass addition
and solidification phase changes. V;, is boundary velocity due to powder addition and 7, is mean

diameter of the powder particles. The calculation of V,, is given by equation 4.5 [109].

Table 4.4: Boundary conditions

Heat transfer Boundary 1 Boundary 2,3
Q loss =h (T - TO)_
ope(T* =T

_(4.454P) (r-vt)?

Q=5 exp(—4.5 )

Q loss h (T = Ty)-0,(T* = T5)

Deformed geometry V, V,=0
2nm (r-vt)?
V, = p= exp(—4.5 2 ) 4.5)

4.3.6 Effect of laser power on track geometry

The changes in track width and height are demonstrated under different laser power, at
constant scanning speed and powder feed rate in figure 4.7. The increasing track width and height
is observed with laser power and it can be due to increase in laser power per scanning speed.

From an analytical study, it was observed that the maximum temperature noticed with
different laser power of 1000, 1200, 1400 W is 1800, 2000, 2200 K respectively. The maximum
temperature induced in the melt pool is increased with laser power as shown in figure 4.8.And also
observed that the changes in track width is more significant than the changes in track height when
increasing laser power.It can be attributed to available energy per unit length is high and changes
in a temperature gradient in melt pool. A similar observation was noticed by Shuhao Wang et.al
[121].
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Figure 4.7 Effect of laser power on (a) track width (b) track height at constant scanning speed

and powder feed rate

() (b)
Figure 4.8 Variation of track width and height with laser power (a) 1000 W (b) 1200 W at

constant scanning speed and powder feed rate
4.3.7 Effect of scanning speed on track geometry

The variation of scanning speed on the track height and width is observed at a laser power
of 1000 W and a powder feed rate of 6 g/min depicts in figure 4.9. The decreasing track width and
height are noticed with scanning speed. It might have attributed to insufficient laser power per
scanning speed and reducing the laser beam interaction with powder. The temperature-induced in
melt pool is reduced with increasing scanning speed as shown in figure 4.10. It may be due to the
reduction in laser beam interaction with powder and Yuze Huang et al. observed similar results
[122]. The maximum temperature of 2500, 2200 and 1800 K for different scanning speed 0.4, 0.5

and 0.6 m/min is noticed from analytical results.
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Figure 4.9 Effect of scanning speed on (a) track width (b) track height at constant laser power
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Figure 4.10 Track width and height with different scanning speed (a) 0.4 m/min (b) 0.5 m/min at

constant laser power and powder feed rate
4.3.8 Effect of powder feed rate on track geometry

Figure 4.11 depicts the variation of track width and height with different powder feed rate
at a laser power of 1000 W and a scanning speed of 0.4 m/min. As increasing powder feed rate,
the rise in track width and height is observed, due to available powder per unit energy increases.
The track height is more sensitive to powder feed rate than the track width is noticed with increased
powder feed rate due to available powder per unit length increases. The statement was supported
by previous authors [122,123]. From analytical results, noticed that the utmost temperature
induced in the melt pool is also increasing with powder feed rate owing to heat accumulation

within the melt pool as shown in figure 4.12.
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Figure 4.12 Track width and height under different powder feed rate (a) 3 g/min (b) 6 g/min at

constant laser power and scanning speed
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4.4 Summary
The track width and track height increases with an increase in laser power and the
reduction in track height is observed at higher values of laser power (=1200 W). In addition, the
decrease in track width and track height with increase in scanning speed is noticed at all process
parameter combination. The low hardness values are attained at high laser powers (= 1200 W)
especially with high powder feed rates (= 6 g/min) and the reduction in hardness values is noticed
when scanning speed increases from 0.4 to 0.6 m/min. It can be ascribed to high porosity and lack
of fusion during deposition at higher values of scanning speed.The identified process parameters
for bulk deposition are laser power of 1000 W, powder feed rate of 8 g/min and scanning speed of
0.4 m/min, 0.5 m/min and 0.6 m/min. The variation in the track width and track height at different
laser power, scanning speed and powder feed rate during finite element analysis is similar to

experimental results and maximum percentage error is 9%.
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CHAPTER 5
Characterization of Directed Energy Deposited SS 316 bulk

samples

5.1 Introduction

In the previous chapter, the different process parameter combinations are identified, and
experimental results are compared with finite element analysis. Subsequently, SS 316 bulk
structures are deposited at laser power of 1000 W, powder feed rate of 8 g/min and different scanning
speed of 0.4, 0.5 and 0.6 m/min. In this chapter, microstructure characterisation, hardness and

tribological studies of DED built SS 316 bulk samples is carried out at different scanning speed.

5.2 XRD analysis

Figure 5.1 illustrates the XRD pattern of DED built SS 316 bulk structures under different
scanning speed. The austenitic phase (y) is detected at all the conditions presented in figure 5.1.
However, ferrite (&) peak is observed with low scanning speed and it is attributed to micro-
segregation and thermal gradients [124]. A slight shift in the austenitic (y) peaks towards the left
is observed with increased scanning speed primarily due to variation in residual stresses. The peak
positions of lattice plane y (111) are 43.71702°,43.71449°and 43.6668° at 0.6 m/min, 0.5
m/min and 0.4 m/min, respectively. Thus peaks shift towards left with a degree of 0.0025° and
0.05° is observed at 0.5 m/min and 0.4 m/min respectively as compared to peaks obtained at
scanning speed of 0.6 m/min. The crystallite size (d) of DED SS 316 at three scanning speed was
calculated using the Scherrer equation as shown in equation (3.1). It can be observed from figure
5.1 that the peak width is increasing with an increase in scanning speed from 0.4 m/min to 0.6
m/min. This is mainly due to the reduction in crystallite size with an increase in scanning speed.
The estimated crystallite size using Scherrer equation shows that minimum crystallite size is
obtained at 0.6 m/min. The estimated crystallite size is 36.741 nm, 36.399 nm and 24.886 nm at
0.4 m/min, 0.5 m/min and 0.6 m/min, respectively. Relatively, fine crystallites are obtained at 0.6

m/min mainly due to the faster cooling rate at higher scanning speed.

i
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Figure 5.1 XRD scans for laser deposited SS 316 with different scanning speed

5.3 Microstructure

The temperature gradient (G) and growth rate (GR) influences the microstructure of the
DED samples. The ratio GG—R generally decides the type of microstructure after solidification and
product G X GR indicates the cooling rate which directly influences the grain size. Figure 5.2
shows the influence of % and G X GR on the solidification structure and morphology. Figure 5.3b
shows the columnar growth for all the samples with slight variation in dendrite size due to the
difference in cooling rates. The measured dendritic size is 7.22 um, 6.99 um and 6.11 um for 0.4
m/min, 0.5 m/min and 0.6 m/min respectively, due to low laser energy available at high scanning
speeds and consequently achieved high cooling rates. The increase in the percentage of porosity is

observed with an increase in scanning speed as shown in figure 5.4, and it can be attributed to the

insufficient laser energy available per unit length (laser power/scanning speed) resulting in lack of
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fusion porosity. These are in line with the observations made by Hu et al. [125] during LAM of
17-4PH stainless steel. The optical microscopic (OM) images for porosity analysis with an increase

in scanning speed under constant laser power and powder feed rate as shown in figure 5.5. The
similar observations are noticed by OM images.

Temperature gradient, G

Growth Rate, R

Figure 5.2 Influence of growth rate (GR) and temperature gradient (G) on the size of

solidification structure and morphology [3].

(@) (b)
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Figure 5.3 Optical microscopic microstructure images of SS 316 at constant laser power of
1000 W and powder feed rate of 3 g/min, and different scanning speed (a) 0.4 m/min (b) 0.5
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Figure 5.4 Variation of percentage of porosity under different scanning speed
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Figure 5.5 Optical microscopic images for porosity analysis under constant laser power of 1000
W and powder feed rate of 3 g/min, and different scanning speed (a) 0.4 m/min (b) 0.5 m/min
(c) 0.6 m/min
5.4 Hardness

Figure 5.6a presents the variation of micro hardness for laser deposited bulk samples
under different scanning speed at a constant laser power of 1000 W. The Vickers micro hardness
are taken along the vertical direction of the transverse cross-section of built samples as shown in
figure 5.6b. It is observed that the hardness increases with reduction in scanning speed at a constant
laser power of 1000 W. It is attributed to the high percentage of pores and incomplete fusion due
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to the reduction in available laser energy per unit length during deposition at higher scanning
speed. A similar trend is observed by Sergio et al.[41]. The obtained average hardness value is
317.42 HV at scanning speed of 0.4 m/min. Figure 5.7 shows the comparison of average micro-
hardness values of SS 316 built using DED, L-PBF and conventional methods. The average micro
hardness values of SS 316 samples are 326.3+ 10.2 HV [126], 317.42 HV and 215-225 HV [127]
for LAM —-PBF , DED and conventional annealed cast sample respectively. A slight increase in
micro hardness of L-PBF samples can be attributed to the relatively faster scanning speed in L-
PBF process as compared to DED, leading to a faster cooling rate, fine microstructure and higher
hardness. Typical values of cooling rate are 10° K/s for LAM process and ~ 10° - 10% K/s for
conventional samples [43].

400 T T T T T
350] 317427

279.43
3001 262.1

250+
200+
150+
100+

50+

Hardness (HV)

0- T .
0.35 040 045 0.50 0.55 0.60 0.65
Scanning speed (m/min)

@ (b)

Figure 5.6 (a) Variation of micro- hardness for laser deposited bulk samples under different scanning
speed at constant laser power of 1000 W and (b) Vickers- Micro hardness indenters along the build

direction
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Figure 5.7 Micro hardness of SS316 for conventional and additive manufacturing techniques (L-
DED and L-PBF)
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5.5 Tribology

Figure 5.8 presents the specific wear rate of DED built SS 316 samples carried out at
different scanning speed, sliding velocity and normal load at a constant sliding distance. The
increase in wear loss is observed with the rise in sliding velocity under all normal load conditions.
From results, it can be noticed that increment in wear loss noticed from 0.18557x 10~* mm?3/Nm
t0 0.295 x 10~* mm?3/Nm, when sliding velocity is increased from 0.5 m/s to 1 m/s under a normal
load of 10 N. It is attributed to a higher amount of friction heat generation resulting in increased

wear due to material softening and consequently severe plastic deformation.
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Figure 5.8 Variation of wear loss at different normal load (a) 10N (b) 20N (c) 30N with different
laser scanning speed and sliding velocity
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In addition, it is observed that the applied normal load significantly influences the specific
wear rate than the sliding velocity. The rise in specific wear rate from 0.0247 X 10~* mm?/Nm

t0 0.07022 x 10™* mm?/Nm is observed from figure 5.8 when increasing normal load from 10 N
to 30 N and similar observations are reported by Li et al [48]. It can be ascribed to delamination
of the surface due to the severe plastic deformation due to adhesive wear. In contrast, a sharp
decrease in specific wear rate is observed when DED built samples with laser scanning speed
greater than 0.4 m/min under three normal load conditions. It may be attributed to pores under
samples are compressed at high normal loads and it reduces earlier crack initiation which in turn
low specific wear rates. In addition, wear particles move inside the pores and cold welded under
high contact pressure during the wear test. These cold welded particles further reduce the specific
wear and similar results are reported by Bartolomeu et al. and Hua Li et al. [48,128]. It can be seen
from figure 5.8 that the rise in specific wear rate can be clearly observed for samples built with
the LAM- DED samples with scanning speed >0.4 m/min due to rise in the percentage of pores
and lack of fusion, and similar trend is identified by previous authors [51]. Figure 5.9 shows the
evaluation of coefficient of friction (COF) with scanning speed under different normal load and
sliding velocities. The high friction values are attained at low sliding velocity and normal load. It
is ascribed to the high asperities in the mating surfaces and consequently retards the movement of
counter surface. As time moves on, the mating surfaces free from surface asperities lead to constant
COF is observed.
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Figure 5.9 Variation of COF at different normal load (a) 10N (b) 20N (c) 30N with
different scanning speed and sliding velocity

The difference in coefficient of friction (COF) values is not more significant at low sliding
velocity and normal load due to the low frictional heat generation. In contrast, decreasing in COF
values is observed at high sliding velocity and normal load. It can be attributed to the high frictional
heat generation resulting in oxide layer formation which acts as tribo-layer leading to reducing in
COF. In addition, sliding velocity less than 0.75 m/sec gave higher COF values due to the low
interface temperature resulting in no oxide layer and consequently high contact pressure between
two mating surfaces. Apart from this, the rise in the trend of COF with scanning speed is noticed
as shown figure 5.9. It is attributed to the presence of wear particles cold welded into the pores of
SS 316 with increased scanning speed and consequently rougher contact surface. A similar
observation is also reported by Li et al. [48]. Figure 5.10 shows the variation of SWR and COF of
DED SS 316 and conventional made SS 316L under different sliding velocity. The wear resistance
and COF of DED samples are superior to convention made SS 316L. It can be attributed to high
cooling rate resulting in fine grain size and high hardness of DED built SS 316 samples. Figure
5.11 illustrates that the scratches and ploughing grooves are aligned parallel to the sliding direction
due to the consequence of abrasive wear and a relatively smooth worn surface is identified at lower
sliding velocity. The fine wear debris and adhesive wear are noticed at intermediate normal load
conditions as shown in figure 5.11e and similar observation is identified by Farias et al [129].

Whereas wear particles are cold welded and forms a rougher surface at normal load of 30 N.
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Figure 5.10 Variation of (a) specific wear rate and (b) COF of convention SS 316L and laser
melting deposited SS 316 under different sliding velocity
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Figure 5.11 SEM images of wear track surface morphology during wear test under different
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Figure 5.12 EDAX of DED samples after wear analysis

The deep grooves and plastic deformation of wear tracks are noticed at high sliding
velocity and normal load. It can be attributed to aggressive abrasive wear mechanism up to certain
time of duration, thereafter plastic deformation due to adhesive wear during dry wear test analysis.

At higher sliding velocity, surface roughness of wear tracks is more severe and long, thin and
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bumpy areas would be erased. When sliding velocity increases, high kinetic energy is developed
at the interface of test sample and disc. Subsequently, some part of the energy is converted into
thermal energy and this leads to material softening. Therefore, easy removal of soft material is
noticed especially at high normal load. The presence of oxygen was noticed at different locations
(refer Figure 5.11h and 5.11i), in turn, reduces the direct metal-to-metal contact. Consequently, a
reduction in COF is noticed with an increase in sliding velocity and normal load owing to oxide
layer formation which acts as a lubricant. The presence of oxide particles is more significant and
appears like white particles especially at high sliding velocity and normal load, and it is further

confirmed by EDAX analysis as shown in figure 5.12.

5.6 Summary

Columnar dendritic growth is identified in microstructure analysis and it is observed that the
minimum dendritic size is 6.11um at scanning speed of 0.6 m/min. From XRD analysis, it is
observed that austenite and ferrite phase are noticed under three scanning speeds, but ferrite phase
is most significant at high scanning speed. The maximum value of average hardness of 317 HV is
obtained at low scanning speed of 0.4 m/min and also hardness values of DED samples lies
between the conventional sample and LPBF. In addition, tribological performance of SS316 is
carried out under different normal load and sliding velocity. It is deduced from tribology studies
that as the sliding velocity increases, the rise in specific wear rate is noticed with different normal
loads. The minimum and maximum of specific wear rate of SS316 is 0.02497 x 10~*mm?’/Nm
and 0.295 x 10~*mm?/Nm respectively under normal load of 10N. The maximum percentage of
specific wear rate is increased by 154% and 181.2% when sliding velocity is increased from 0.5
to 1 m/s and normal load from 10N to 30N respectively under three different scanning speed. Apart
from this, the increase in specific wear rate is observed when SS316 samples built at scanning
speed above 0.4 m/min. The decrease in COF is noticed with high sliding velocity due to oxide
layer formation. From SEM analysis, scratches, fine wear debris and grooves parallel to the sliding
direction are observed. These are all indications for aggressive abrasive wear as the major wear

mechanism and it is mainly due to repetitive sliding on the counter surface on the SS316.
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Chapter-6
Effect of post heat treatment conditions on DED built SS 316

6.1 Introduction

In the previous chapter, microstructure characterisation, hardness and tribological studies
of DED built SS 316 bulk samples is carried out at different scanning speed. Considering the low
porosity percentage and high hardness, DED built SS 316 at laser power of 1000 W, scan speed
of 0.4 m/min and powder feed rate of 8 g/min is used for heat treatment analysis. Solution treatment
of DED built SS 316 improved the homogeneity in microstructure, increased the plasticity
retaining capability and elongation. Microstructure, hardness, automatic ball indentation test,
corrosion and tribological study are carried out at different heat treatment temperatures.

6.2 Microstructure

The microstructure of as-built SS 316 and heat-treated samples at different temperatures
are presented in figure 6.1. The microstructure is primarily cellular and dendritic in nature for as-
built samples as shown in figure 6.1a, due to the higher thermal gradient between the substrate and
deposit. The growth is mainly columnar in nature, opposite to the heat transfer direction. The
growth is finer in nature which can be attributed to the higher cooling rate during DED process. It
can be seen in figure 6.1b and 6.1c that columnar dendrites are dissolved after heat-treatment at
HT1073 and HT1273. The microstructure is observed to be more uniform without any directional
growth. The microstructure is dominant with austenite phase having face centered cubic (FCC)
structure and finely dispersed low volume fraction of ferrite structure with body centered cubic
structure [78,82,84]. The presence of chemical elements such as Cr, Si and Mo are mainly
conductive for ferrite formation in austenitic stainless steels [130]. SEM images presented in
Figure 6.2 also confirm the reduction in ferrite phase with an increase in the heat treatment

temperature and similar observations are seen in the literature for similar materials [82,88,130].
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Figure 6.1 Microstructure of SS 316 at different conditions (a) As-built (b) HT1073 (c) HT1273
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Figure 6.2 SEM images of SS 316 at different conditions (a) HT1073 (b) HT1273
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6.3 XRD analysis

XRD analysis is carried out in as-built and heat-treated samples (HT1073 and HT1273)
as shown in figure 6.3. The austenite phase is relatively dominant at all conditions, while reduction
in the ferrite phase with increasing heat-treatment temperature is noticed. The volume fraction of
ferrite phase for as built, HT1073 and HT1273 samples is 7%, 4.38%, 0.83%, respectively and the
decreasing trend in the volume fraction of ferrite phase also agrees with microstructural

observations discussed earlier.
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Figure 6.3 XRD pattern for SS 316 samples at different conditions

The average crystallite size of as-built, HT1073 and HT1273 is found out to be 26.741

nm, 27.39488 nm and 32.40242 nm. It can be ascribed to an increase in grain size and coagulation
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or coalesce of the particles during heat-treatment [131]. In addition, the peak position of y(111) at
HT1073 and HT1273 is shifted towards 0.02721° and 0.00272°, respectively with regard to peak
position in the as-built sample. It can be due to the variation in residual stresses after heat-treatment
conditions.

6.4 Micro-hardness

Figure 6.4 presents the variation in the micro-hardness along the cross-section of as-built
and heat- treated samples. The average micro-hardness of as-built sample is 311098 N HV, due to
high cooling rates and resulting finer microstructure. The average micro-hardness of HT1073 and
HT1273 samples are 296 and 294 HV, respectively. The micro-hardness of heat-treated samples
is reduced by 4.8% and 5.5% in HT1073 and HT1273 K, respectively as compared to as-built
samples. It can be attributed to increase in the crystallite size and homogenization of grain structure
with temperature. In addition, it agrees with the halls patch relation (refer equation 6.1), which
implies that the average grain size of the sample inversely proportional to the hardness of the
material. Further, the reduction in hardness can also be attributed to the reduction in the amount of
ferrite phase with an increase in heat-treatment temperature as the ferrite phase is harder than the

austenite phase [130]. This is in line with the XRD and microstructural analysis.
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Figure 6.4 Variations of Micro hardness at different heat-treatment temperature
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6.5 Automatic ball indentation test

Figure 6.5 presents the load-displacement curve for DED samples before and after heat-
treatment. The maximum displacement for as-built, HT1073 K and HT1273 K samples are found
to be 0.079 mm, 0.10 mm and 0.11mm, respectively. The increase in displacement indicates that
the depth of indentation increased with heat-treated samples under the same loading conditions,
which is primarily due to reduction in material hardness. It can be due to coarsening of
microstructure and reduction in the ferrite phase, which is harder than the austenite phase. The
typical indentation images of ABI test for as-built and heat-treated conditions as shown in figure
6.6. Aslightincrease in the indentation diameter is observed for heat-treated samples as compared
to as-built samples. Further, the diameter also increased with increase in heat-treatment
temperature. This increase in the indentation diameter can be attributed to grain coarsening with
heat treatment temperature. The observed results are also in line with the micro-hardness and
microstructure results. The area under the curve gives the plasticity retaining capability of the
material. The energy stored in as-built, HT1073 and HT1273 samples are 1.254 N-mm, 1.824 N-
mm and 2.167 N-mm, respectively. The plasticity retaining capability of HT1073 and HT1273
improved by 45.4% and 72.8% as compared to that of the as- built DED sample. It can be due to

reduction in the volume fraction of ferrite and increasing grain size with heat-treatment.
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Figure 6.5 Load displacement for SS 316 under varying heat-treatment during ABI test
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Figure 6.6 Typical indentation of SS 316 samples during ABI test

6.6 Corrosion test

Figure 6.7 presents the tafel curves of as-built and heat-treated SS 316. The corrosion rate

is directly proportional to the corrosion current density (lcorr) Obtained during electro chemical

analysis. It is observed that the metal dissolution rate (corrosion rate) of as-built SS 316 is too low

compared to SS 316 sample manufactured by the conventional process as shown in Table 6.1.

Similar observations are made by previous researchers on SS 316L [132].
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Figure 6.7 Tafel curves for the as-built and heat-treated SS 316 samples
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The corrosion rate is observed to increase with an increase in solution treatment
temperature. It can be attributed to a decrease in ferrite phase with heat treatment temperature as
shown in the SEM images presented in figure 6.2. The austenite phase is more prone to corrosion
rate than the ferrite phase which is more rich in chromium [133-135].

Table 6.1: Electro chemical behavior of as-built and heat-treated SS 316

SI. No. Sample Open Corrosi | Corrosio | Corrosion Anodic Cathodic
circuit on rate n current Tafel Tafel
potential C.R. potential desnity constant constant
(mV) (mpy) Ecorr Icorr (LA) pa(mV) Bc (MV)
(mV)
1. As-built -254.68 | 0.000824 | -313.904 2.01E-3 11.14 13.76
7
2. HT 800 -486.27 0.09 -525.189 | 227.80E-3 94.52 75.84
3. HT 1000 -638.693 0.699 | -688.369 1.704 104.36 89.37
4, Conventional - - -208 | 1.7 (mA/cm?) - -
SS 316 [84]
6.7 Tribology

The variation in specific wear rate of as-built and heat-treated SS 316 samples are
analyzed using pin on disc tribometer. Figure 6.8a presents the variation in specific wear rate with
heat-treatment temperature. The minimum specific wear rate is observed in the as-built sample,
due to high micro hardness and fine grain structure. An increase in specific wear rate is noticed
with an increase in heat-treatment temperature, due to increase in grain size and dislocation density
[85]. The reduction in volume fraction of ferrite phase with heat treatment which is confirmed by
SEM images and XRD plots, lead to low micro-hardness values as ferrite phase is harder than the
austenite [86]. In contrast, it can be noticed from figure 6.8b that the coefficient of friction (COF)
increased with increase in heat-treatment temperature and it can be ascribed to coarse grain
structure and low hardness [136]. The SEM images of worn surfaces of as-built, HT1073 and

HT1273 are presented in figure 6.9. The wear debris and ploughing grooves parallel to sliding

N
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direction are observed for as- built DED samples as shown in figure 6.9a. The abrasive wear is
major mechanism in as- built SS 316 sample, whereas heat-treated samples are characterized by
abrasive and adhesive wear.
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HT 1273

Figure 6.9 Variations of specific wear rate and coefficient of friction under different heat-

treatment conditions

The plastic deformation followed by spalling and delamination effect are observed along
the sliding direction of heat-treated samples as shown in figure 6.9b and c. It can be attributed to
low volume fraction of ferrite in heat treated samples as seen in the SEM and XRD studies. The
surface is subjected to plastic deformation, and subsequently sheared and then ruptured, which
lead to micro cracks, resulting in periodic spalling effect. The deep and wider grooves are
identified in heat-treated samples as compared to as-built samples, due to low strain hardening

effect [71] , reduction in density of ferrite phase and low micro hardness.

6.8 Summary

Columnar growth is observed to be dissolved with heat-treatment and the reduction in
fraction of ferrite phase is noticed with heat-treatment, especially at HT1273. It is observed from
XRD that the crystallite size increased with heat-treatment and the minimum crystallite size is
found to be 24.886 nm for as-built DED sample. The austenite phase is relatively dominant at all
conditions, while reduction in the ferrite phase with increasing heat-treatment temperature is
noticed. The volume fraction of ferrite phase for as built, HT1073 and HT1273 samples is 7%,
4.38%, 0.83%, respectively. It is observed from ABI studies that the maximum displacement of
0.11 mm is observed at HT1273. The plasticity retaining capability of heat-treated SS 316 sample
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at HT1073 and HT1273 is increased by 40.4% and 72.8%, respectively as compared to as-built
samples. This can be attributed to grain coarsening and reduction in ferrite phase with increase in
heat treatment temperature. The hardness of as-built SS 316 samples reduced by 5.47 % after heat-
treatment and it can be attributed to grain coarsening and reduction in ferrite phases with increase
in heat treatment temperature. The minimum hardness of 294 HV is noticed at HT1273. The
corrosion rate of as-built SS 316 is too low compared to corrosion rate of SS 316 samples
fabricated through conventional route. The corrosion rate of SS 316 increased with heat-treatment
temperature, owing to reduce the ferrite phase with heat treatment temperature. The increase in
specific wear rate of SS 316 samples with heat-treatment temperature is observed and minimum
specific wear rate of 0.02497 x 10* mm3/N-m is obtained for as-built sample. The COF increased
with heat-treatment and it can be attributed to coarse grain size and low hardness. The plastic
deformation, spalling and delamination effect are major wear mechanism of heat-treated samples

due to low volume fraction of ferrite phase in heat treated samples.
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Chapter-7
Characterization of DED built SS 316-WC composites at

different volume fraction of WC

7.1 Introduction

In the previous chapter, characterization of DED built SS 316 is carried out at different
heat treatment temperatures. In this chapter, parametric investigation for SS 316-WC composites
is performed at laser power of 1000 W, different scanning speed of 0.4, 0.5 and 0.6 m/min and
powder feed rate of 8 g/min. Different volume fraction of WC reinforcement particles are mixed
in SS 316 to enhance the grain refinement and hardness of SS 316. The optimum process parameter
combination is noticed based on the uniform WC reinforcement particle distribution without any
defects. Characterization of DED built SS 316-WC composites at different volume fraction of WC.

7.2 Process parameter selection

Initially, single tracks are laid by varying scanning speed to understand the behavior of WC
particles in SS 316 composite at a constant laser power of 1000 W and powder feed rate of 8 g/min.
The variation in cross section of track geometry is observed at laser power of 1000 and scanning

speed of 0.4, 0.5 and 0.6 m/min at constant powder feed rate of 8 g/min as shown in figure 7.1.
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Figure 7.1 Cross sectional view of single track composites (% 10 WC) at constant laser power of
1000 W and different scanning speed (a) 0.4 m/min (b) 0.5 m/min (c) 0.6 m/min

The uniform distribution of WC particles is noticed at laser power of 1000 W at different
scanning speeds (0.4, 0.5 and 0.6 m/min). However, at laser power of 1000 W, scanning speed of
0.4 m/min results in porosity and scanning speed of 0.6 m/min results in poor adhesion with the
substrate. The porosity generation is mainly due to higher laser energy per unit length at scanning
speed of 0.4 m/min, while the lower laser energy per unit length at scanning speed of 0.6 m/min
results in poor adhesion with the substrate. Thus, the chosen parameters for bulk deposition are
laser power of 1000 W and laser scanning speed of 0.5 m/min considering the uniform distribution

of WC and minimal porosity.
7.3 Relative Density

Figure 7.2 presents the relative density of DED built composites at a different fraction of
WC and compared with SS 316 structure without WC. The maximum relative density is detected
for SS 316 as compared to composites and it can be attributed to low bulk defects, like - porosity,
voids. The chemical reactions between different powder particles, shrinkage during solidification
and atmospheric gas entrapment resulted in low relative density for developed composites
[137,138]. In addition, relative density decreased with an increase in the composition of WC in SS
316 and it can be ascribed to porosity and cracks formation as shown in figure 7.3d. Particularly

at a high percentage of WC. Similar observations are noticed by Manowar Hussain et al. [137].
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Figure 7.2 Relative density of DED SS 316 structures and SS 316-WC structures at different
WC fraction.
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Figure 7.3 Optical imcroscopic images of SS 316 composite with (a) 6% WC (b) 8% WC (c)
10% WC and (d) Crack formation
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7.4 X-ray Diffraction
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Figure 7.4 XRD spectrums of SS 316 and its composites at different WC percentage

Figure 7.4 presents the XRD patterns for varying percentage of WC (6%, 8% and 10%)
in SS 316 based composites. XRD spectra of the composite reveals the presence of WC, yFe, Fe;W
and FesC phases. The WC is partly dissolved into W and C and react with iron during DED process,
which results in the formation of Fe:W and FesC phases. Highest intensity is observed for the
peaks corresponding to the austenite phase (FCC), whereas weak diffraction peaks with WC
particles are detected. The intensity of WC peaks increased with an increase in the WC
composition. The crystallite size is calculated by using Scherrer equation 7.1, where A is wave
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length of X-ray source, C is Scherrer constant (0.9), 6 is peak position in radians and g is full
width at half maximum in radians. The average crystallite size is found to be 23.80 nm, 21.78 nm
and 18.82 nm at 6, 8% and 10% volume fraction of composite respectively. It is observed that the
crystallite size reduced with an increase in the volume of fraction of WC and it can be attributed
to more grain refinement and dislocation density. The highest intensity peak is identified at 2
Theta= 43.71702° under 6 % volume fraction of composite which is reflection of yFe phase. The
position of austenite phase is shifted towards left to 43.70483°, 43.70451° and 43.38266° with
reference to peak position (43.71449% of SS 316 sample. As per Bragg’s law equation (refer
equation 7.2), a peak shift to the left side indicates an increase in the distance between lattice
planes, which shows the presence of tensile residual stresses on the built samples. It can be
concluded that the tensile stresses increased with an increase in the WC content in SS 316. These

results are in line with previous literature [96].

. Ca
- B cos@

(7.1)

2dsin@ =nAi(n=123....) (7.2)

7.5 Microstructure

Figure 7.5 demonstrates the microstructure of SS 316 based composite at different WC
composition. SEM images in back scattered mode shows the presence of WC (White particles)
and pores (Black dots) in DED built SS 316 composites as shown in figure 7.5. The adequate
distribution of WC in SS 316 matrix can be observed in the DED built composite. The columnar
dendritic and cellular grain structure are observed for 6% WC as shown in figure 7.5a whereas
columnar and equiaxed dendritic are more significant in 8% WC and 10% WC as shown in figure
7.5b&c. The measured dendrite size of 6% WC, 8% WC and 10% WC is 6 um, 4.01 um and 3.25
um, respectively. The reduction in the dendrite size with an increase in the WC content in SS 316
matrix is ascribed to the fact that WC behave like heat sinks and also helps in intensifying
dislocation density. The presence of WC in SS 316 improves the grain refinement resulting in a
denser and uniform microstructure. It might have attributed to excellent wettability of WC with
SS 316 matrix [139].
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Figure 7.5 Illustrate the optical and SEM images at different concentration a,b) 6% c,d) 8%

and e,f) 10% of tungsten carbide in SS 316

7.6 Micro hardness
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Figure 7.6 shows the significant improvement in the hardness of SS 316/WC composite
as compared to SS 316 built using DED process. The micro hardness of DED built SS 316 and SS
316L substrate are 279 HV and 212 HV respectively. The maximum hardness of 399.5 HV is
obtained for samples built with 10% WC and hardness of samples with 6% WC and 8% WC are
321 and 352 HV, respectively. The uniform distribution of WC particles restricts the grain

elongation, which results in fine microstructure.
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Figure 7.6 Demonstrate the variation of hardness with different concentration of tungsten carbide
in SS 316

This increases the hardness of bulk composite samples. As discussed in the previous
section, high percentage of WC reinforcement particles in SS 316 increases the cooling rate, which
leads to finer grains and higher dislocation density. In addition, the dissociation of WC in to W
and C element under high laser power tends to solid solution strengthening effect in SS 316 matrix,
and consequently leads to higher hardness [140]. The resistance against plastic deformation can
be achieved by adding stronger and stiffer reinforcement in metal matrix which results in increased

hardness of composites during micro-hardness test [141].

7.7 Corrosion test
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Figure 7.7 presents the potentiodynamic curves of SS 316 and its composites. Table 7.1
presents the various parameters associated with the potentiodynamic study. The low corrosion rate
is noticed at 8% WC as compared to 6% WC, 10% WC and SS 316 samples, which is confirmed
by the lower lcorr Values. The increase in corrosion resistance with addition of WC in SS 316 is due
to high corrosion resistance of WC as compared to SS 316 [142] . However, corrosion rate of 10%
WC is higher than 8% and 6% WC and it can be attributed to the presence of macro pores and

cracks resulting in early pit initiation. Similar observations are also reported in the literature [143].
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Figure 7.7 Potentiodynamic polarization curves of SS 316 and its composites (6%, 8% and 10%
WC)

Table 7.1: Electro chemical behaviour of SS 316 and its composites

Ecorr(MV) BalV) BV) LR
cm

SS 316 -616 0.162 0.234 3.5

6% WC -612 0.183 0.796 231

8% WC -463 0.095 0.169 1.47

10% WC  -683 0.165 0.187 2.42
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7.7 Tribology
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Figure 7.8 Variation of a) specific wear rate b) COF at different concentration of WC

The specific wear rate (SWR) of composite at different volume fraction of WC in SS 316
built by DED process is shown in figure 7.8a, which shows an improvement in the tribological
properties of SS 316 with addition of WC particles. The SWR reduced with an increase in the WC

percentage in SS 316/WC composite. The minimum SWR of 0.03107 x 10~* mm> is obtained

at 10% WC in SS 316 based composite and it can be attributed to higher hardness, dislocation
density and fine grain size at higher WC concentration [144]. Coefficient of friction (COF) reduced
with an increase in the WC content in SS 316 matrix as shown in figure 7.8 b. The excellent self-
lubricant properties of WC might have led to lower COF values with an increasing WC content
[145]. Figure 7.9 presents the SEM images of surface morphology of worn out surfaces of SS
316/WC composites. The abrasive and plastic deformation are major wear mechanism in this
study. The absence of adhesive wear and oxide layer formation is identified by EDAX analysis as
shown in figure 7.9. The abrasive action started initially and after some duration it reduced because
of lubricant properties of WC particles. As rubbing continued, wear debris are formed due to
generation of high temperature. The deep grooves and plastic deformation are detected over the
worn out surface at 6% concentration of WC in SS 316 composite. The shallow groove, wear

debris and plastic deformation are observed on the worn out surfaces of composite at 8% and 10%
of WC.
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Figure 7.9 SEM images of surface morphology of worn out surfaces of SS 316/WC composites

7.8 Summary
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The maximum relative density is noticed for SS 316 samples as compared to composite
samples due to more porosity and crack formation during composite fabrication. The cellular,
columnar dendritic structure is noticed for 6 and 8% of WC composites, whereas equiaxed
dendritic structure is noticed for 10% of WC composite. From XRD analysis, WC, austenite phases
are noticed and crystallite size is reduced by 21% when increasing WC content from 6% to 10%.
In addition, WC, yFe, FeaW and FesC phases are noticed in SS 316 composites. The hardness of
10%WC in SS 316 is increased by 26% as compared to SS 316, but high corrosion rate was noticed
due to micro pores and crack formation. The wear resistance of 10%WC content is maximum and

it is 61% higher than SS 316 because of its excellent lubricant properties and high hardness.
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Chapter-8
CONCLUSIONS AND FUTURE SCOPE

8.1 Conclusions

Parametric investigation and characterization of SS 316 built by directed energy

deposition DED are performed. A range of process parameters is selected using single tracks

deposition by varying DED process parameters. The single track analysis is carried out using DED

process at each parameter and obtained results are compared with finite element analysis. The

effect of heat-treatment on the microstructure, mechanical, corrosion and tribological behavior is

investigated. Relative density, microstructure analysis, micro-hardness and wear rate of DED built

SS 316 based composites with different volume fraction (6%, 8% and 10%) of WC reinforcement

are studied.

102

The following conclusions can be drawn from the obtained results.

» The identified process parameters are laser power of 1000 W, powder feed rate of 8 g/min

and scanning speed of 0.4 m/min, 0.5 m/min and 0.6 m/min for maximum hardness and
deposition rate. The effect of each DED process parameters on track width and height are
studied with finite element analysis as well as experimental results. The results obtained
during finite element analysis are close to experimental results, and the maximum
percentage error is 9 %.

From the XRD analysis, it is observed that austenite and ferrite phase are noticed at all the
conditions, but ferrite phase is most significant at high scanning speed. The hardness values
of DED samples lies between the conventional sample and L-PBF. Tribology studies show
that, as sliding velocity increases, the rise in specific wear rate is noticed with different
normal loads. The increase in specific wear rate is observed when SS 316 samples is built
at scanning speed above 0.4 m/min.

From the SEM analysis, scratches, fine wear debris and grooves parallel to the sliding
direction are observed, which indicates that aggressive abrasive is the major wear

mechanism and it is mainly due to repetitive sliding on the counter surface on the SS 316.
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» Columnar growth is observed to be dissolved with heat-treatment and the reduction in
fraction of ferrite phase is noticed with heat-treatment, especially at HT1273. It is observed
from XRD that the crystallite size increased with heat-treatment and the austenite phase is
relatively dominant at all conditions, while reduction in the ferrite phase with increasing
heat-treatment temperature is noticed. The volume fraction of ferrite phase for as-built,
HT1073 and HT1273 samples is 7%, 4.38%, 0.83%, respectively.

» The plasticity retaining capability of heat-treated SS 316 sample at HT1073 and HT1273
increased by 40.4% and 72.8%, respectively as compared to as-built samples. The hardness
of as-built SS 316 samples reduced by 5.47 % after heat-treatment.

» The corrosion rate of SS 316 increased with heat-treatment temperature, owing to reduction
in the ferrite phase with heat treatment temperature. The increase in specific wear rate of
SS 316 samples with heat-treatment temperature is observed. The plastic deformation,
spalling and delamination effect are major wear mechanism of heat-treated samples due to
low volume fraction of the ferrite phase in heat treated samples.

» The cellular, columnar dendritic structure is noticed for 6 and 8% of WC composites,
whereas the equiaxed dendritic structure is noticed for 10% of WC composite.

» From XRD analysis, WC, austenite phases are noticed and crystallite size is reduced by
21% when increasing WC content from 6% to 10%. In addition, WC, yFe, Fe;W and FesC
phases are noticed in SS 316 composites.

» The hardness of 10%WC in SS 316 increased by 26% as compared to SS 316 and it can be
due to fine grain structure and high dislocation density. The corrosion resistance increased
by 58% for SS 316 composites as compared to SS 316. The wear resistance of 10%WC
content is maximum and it is 61% higher than SS 316 because of its excellent lubricant

properties and high hardness.

This study provides a path for building various engineering components by DED of SS
316. The properties of DED built SS 316L can be tailored by appropriate post-processing. Solution
treatment of DED built SS 316 improved the homogeneity in microstructure, increased the
plasticity retaining capability and elongation. On the other side, the corrosion resistance, wear-
resistance and micro-hardness reduced with solution treatment. 8% WC doping ratio exhibited

optimal combination of relative density, hardness, wear-resistance and corrosion resistance.
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8.2

104

Future Scope

The future approach can be study the mechanical properties such as compressive test, tensile
test, creep and fatigue test of DED built SS 316 for bio medical applications.

The design and fabricating of DED built SS 316 part can be done at optimum conditions for
biomedical implants.

Study the effect of different heat treatment conditions on the microstructure and mechanical
properties of DED-built SS 316 composites.

The erosion wear behaviour of DED-based additive manufactured SS 316 and its composites
can be explored.

Effect of post-treatment conditions on the surface characteristics of DED built SS 316 is
analysed.

Residual stress analysis on DED built SS 316 deposition using finite element analysis can also
be performed.
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Appendix-1
Finite element analysis

Governing equations

An axisymmetric model with the dimension of (5 x 2 mm) has been developed to predict
the track geometry and thermal analysis during DED process using Comsol Multiphysics 5.3. The
energy and mass balance equations (1A and 2A) are used in the present analysis [109].

a(T) _ = Q A
,DCPT-F pCanAT V( KAT) QT- loss (1 )
A, pv

where p is density (%), T is temperature (K) , C, is specific heat capacity (J/kg.K), t is time (s),

Vi is boundary velocity (m/s) , Q.. is heat source (%) and K is thermal conductivity (W/m?K), Q

loss 1S the energy lost into ambient air by thermal radiation, convection and heat conduction, A; is

track area, n is powder efficiency and v is scanning speed.

Heat source

Temperature distributions have a significant impact on the track geometry created during
laser deposition. The energy absorbed by the substrate and powder components determines the
temperature distributions inside the melt pool. The laser energy used in this current study is
implemented by equation (3A) [110] .For the Nd:YAG laser, the absorption by steel substrate is
assumed to be constant, with a value of roughly 0.47. Using the rule of mixtures, the absorptivity
of various alloys may be estimated given their composition and the absorptivity of the constituent

elements.

_(4454P)

Q- — exp(—4.5

(r-vt)?
2

T

) (3A)

Here, the substrate temperature is considered to be room temperature , 4 is a fraction of
heat input to powder, P is laser power, v is scanning speed, 7 is laser beam radius, ¢ is emissivity,
m 1s powder feed rate and 4 is convective heat transfer coefficient. The parameters are used for

the FEM analysis presented in Table 1A.
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Table 1A: Parameters used for finite element analysis

Parameters Values
A 0.47
Po 7000 2%
r 1.6 mm
T, 273.15K
10 ——
£ 0.7
C, 500 J/kg.K
K 16 W/mK

Boundary conditions

Heat source and moving mesh equations (3A and 5A) are assigned to the boundary 1 as shown in
figure 1A. Surface 1 is subjected to convection and radiation by considering heat exchange
between the substrate and the surroundings. Surfaces 2 and 3 are the work piece's vertical surfaces

that are thought to experience natural convection and radiation.
Q o =h (T — T,))+o,e(T* —TS) (4A)

Where h is heat transfer coefficient. Qoss is the sum of heat loss as thermal radiation, heat
convection with ambient air in Eq. (4A). The track geometry is developed by using moving mesh
which takes into account for mass addition and solidification phase changes. V, is boundary
velocity due to powder addition and 7, is mean diameter of the powder particles. The calculation

of V, is given by equation SA [109]:

2nm

V, = purZ exp(—4.5

(r-vt)?
2

Tp

) (5A)
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Coaxial nozzle

z
2
Figure 1A. Schematic axi-symmetric model for DED
Table 2A: Boundary conditions
Heat transfer Boundary 1 Boundary 2,3
4.45AP —vt)? Q, =h(T-T,-
Q=454 ey (4.5 L2 toss ~ (T = To)
ape(T* = Tg)
Q i =W (T = Tp)-05e(T* = T5)
Deformed geometry V, V,=0

Resolution Parameters & Mesh

The triangular mesh is applied to model are shown in figure 2A. The highest and
minimum mesh sizes are 50 um and 0.1 um, respectively. The material deposition throughout the
DED process is shown by the expansion of the top surface. The moving mesh is controlled by Dy
nodes in COMSOL using the laplace smoothing approach. The direct PARDISO solver is used in
conjunction with the generalized- time solver to accomplish the iterative solution. The relative and
absolute tolerances are 102 and 1073, respectively.
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Figure 2A. a) lllustration of substrate after mesh b) Enlarged view
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Specific wear data

Appendix-2

Scanning
speed
(m/min) At normal load of 10 N
SWR at
SWR at Sliding
Sliding | Standard | velocity | Standard Standard
velocity 0.5 | deviation 0.75 | deviation SWR at Sliding deviation
m/sec error | m/sec error | velocity 0.1 m/sec error
0.4 0.02497 | 9.50E-04 | 0.04817 | 0.00275 0.0635 0.00507
0.5 0.15133 | 0.00709 | 0.16217 | 0.00701 0.2875 0.0075
0.6 0.18557 | 0.00565 | 0.22383 | 0.01366 0.295 0.005
At normal load of 20 N
0.4 0.04167 | 0.00946 | 0.07516 | 0.00202 0.08163 0.0047
0.5 0.09273 | 0.00582 | 0.13958 | 0.01909 0.16717 0.01013
0.6 0.20916 | 0.02919 | 0.22917 | 0.02126 0.24208 0.00804
At normal load of 30 N
0.4 0.07022 | 0.02023 | 0.0841 | 0.03282 0.102 0.01682
0.5 0.102 | 0.01682 | 0.12027 0.0101 0.138 0.03143
0.6 0.14131 | 0.04425 | 0.19383 | 0.03598 0.23605 0.01449
SWR after heat treatment
As built 0.02497 | 9.50E-04
HT 1073 0.175| 0.01768
HT 1273 0.19375 | 0.00884
SWR for composite
SS 316 0.08163 | 0.0047
6% WC 0.046 | 0.0057
8% WC 0.038 | 0.00625
10% WC 0.03107 0.0052
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Coefficient of friction data
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