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NOMENCLATURE

p Density
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ABSTRACT

A Study on the Effects of Deposition Strategies and Shapes on
Thermo-mechanical Characteristics in the Vicinity of the
Deposited Region by a DED Process

Aliyev Alissultan
Advisor: Prof. Ahn Dong-Gyu, Ph.D.
Department of Mechanical Engineering

Graduate School of Chosun University

Additive manufacturing is one of the important parts of industrial revolution 4.0 because its
capability to create free form objects with minimum wastage and reduced energy usage. The
ability to create customizable, personalized parts and components can be used to improve other
areas of manufacturing as well as efficiency of tools and machines. Metals are one of the most
important engineering materials due to their properties such as strength, durability, fatigue
strength and recyclability. Directed energy deposition (DED) is one of the metal AM processes.
Depending on the feeding method DED can be divided into powder and wire feeding type. DED
can be used in order to create complex geometry objects, functional materials and can be used
for repair and remanufacturing purposes. However, during the deposition process high
temperature gradients due to rapid heating and cooling of the metal undesired effects occur such
as residual stress, distortion and deflection. In order to manufacture high quality parts by DED

information of proper deposition strategies is required. In order to investigate various deposition

-Xii-
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strategies to find best process parameters numerical analysis method is proposed in this work.
Finite element analysis (FEA) can help reduce cost and time required for performing numerous
experiments. Hence, investigation of different process parameters is required in order to acquire
information about proper deposition strategies.

The goal of this thesis to analyze DED process and evaluate the effects of various deposition
strategies in order to find methods for improved quality of deposited parts. Control over
temperature histories one of the most important methodology to improve the quality and
mechanical properties of parts manufactured by DED. One of the methods to control temperature
during DED process is applying different scanning patterns. Change in scanning pattern leads to
changes in temperature histories and as a result residual stresses and distortion is modified.
Deposition pattern can affect mechanical properties, surface quality and density of the part.
Hence, evaluation of various deposition pattern is proposed in this work.

The shape of deposited material can have effect on residual stress and, more importantly,
distortion and deflection in case of cantilever beam shape substrate. The effect deposited width
and length can have different effects. Investigation of this effects can provide and insight on
substrate requirement depending on deposited shape as well as this information can serve as a
guideline for the cases when additional pre-processing measures must be taken in order to avoid
failure or unusable condition of deposited part. FEA of different width and length as well as
height of deposited region were analyzed on cantilevered shape substrate in order to evaluate
post process thermos-mechanical properties of metal parts. In the next step selected proper
deposition pattern was applied to build thin wall structure and results were compared to the
deposition of simple wall structure deposited by zig-zag deposition strategy. The results of the
analysis showed that selected deposition pattern resulted in improved residual stress and
displacement when Inconel 718 powder is deposited over AlSI 1045 substrate. However, in case

of G6 powder deposited in SCM 440 substrate proper deposition pattern helped to reduce

-Xiii-
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effective and 1%t principal stress but failed to improve displacement of the substrate.
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I. INTRODUCTION

A. Research Backgrounds

1. Additive Manufacturing Technology

Additive manufacturing (AM) is a process of building 3D objects by adding material based
on computer aided design (CAD) model?. This is in contrast with traditional manufacturing
processes where material is subtracted to produce a part, AM techniques rely on the process of
continuously adding material layer by layer in order to fabricate tools and components?. Major
applications of AM are prototyping (rapid prototyping), end user products, and tools like dies
and molds which are used for mass production of parts (rapid tooling) .

Prototyping. At first AM was used in order to create prototypes for visual aids and as a
presentation models®. Prototyping is very compelling application, as 3D representations help
people understand design of the object better compared to 2D models®. With improvement of
material properties, parts build by AM started to be used in functional models and for assembly,
eventually this brought AM to be a part of long phase of prototyping®. AM build prototypes
became irreplaceable part of product development cycle after new AM systems were developed,
which were office friendly and cost efficient. Even today, many engineering companies use rapid
prototyping technology as standard of product development?.

Tooling. Another type of application which has wide range of uses is manufacturing of
patterns, dies and other equipment for tooling. For long time, production of investment castings
was aided by AM?. Production of urethane castings using silicone rubber is another area where
AM patterns were widely applied. These castings produced by AM patterns were mainly utilized
as prototypes, however sometimes they were also used as a final component. Additionally, AM

patterns were applied for sand castings. Dies with conformal cooling is the area where AM
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showed superiority over conventional manufacturing processes.

End user products. The most rapidly growing area where AM is used is direct manufacturing
of end use products®. This is in contrast to other applications such as prototyping and tooling
where AM is used as one of the steps towards manufacturing ready to use products. This
application showed outstanding growth with the increase from 3% to 20% between 2003 and
2010 years®). Improved material properties, increased understanding of potential of AM and
decreasing cost have all contributed to surge in direct manufacturing of parts.

Repair and remanufacturing. Application of AM is growing quickly in the area of repair and
remanufacturing especially in the cases where longer lead time or high cost is associated with
replacement of broken part by new product®. The capability of AM to repair part to near net
shape is extremely advantageous compared to manufacturing of new parts primarily in case of
large components which are damaged in small areas®. In addition, AM is superior to traditional
repair techniques and can be applied in cases where traditional repair approaches not suitable.
Moreover, utilization of AM for repair application creates metallurgical bond between base and
repair material and reduces heat affected zone (HAZ) considerably®. Hence, AM creates very
strong bond with reduced residual stress and distortion which is why AM is a perfect solution for
repair of metal parts highly sensitive towards distortion caused by high heat input®).

According to American Society for Testing Materials (ASTM) there are total of seven
categories of AM which include: directed energy deposition (DED), powder bed fusion (PBF),
sheet lamination, material jetting, binder jetting, material extrusion and vat polymerization?.

DED is a metal AM process which uses high heat sours to melt material as it is being supplied.
Material is supplied in the form of powder or wire. DED is a promising metal AM process which
can be used to create large parts with complex geometry and for repair and remanufacturing.

Powder bed fusion is metal AM process which selectively melts metal powder in powder bed
layer by layer. Electron beam and laser can be used as a heat source. After each layer the powder

bead is moving downward by a specified distance and powder roller is spreading metal powder
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over previously melted layer. When electron beam power source is applied the manufacturing
process is performed in vacuum environment.

Sheet lamination AM process can be divided into two types according to bonding process:
ultrasonic additive manufacturing (UAM) and laminated object manufacturing (LOM). Metal
sheets are bonded by ultrasonic welding in UAM. Various metals can be used in this process to
create complex three-dimensional parts. While in LOM process paper sheets and glue are utilized
to create 3D objects, primarily fashionable and visually appealing.

Material jetting process performed in similar conventional two-dimensional ink jet printer.
The jetting or deposition is performed by continuous or drop on demand method. Material
ejection onto the building platform is performed by moving nozzle. Photo curable polymers and
waxes typically used in material jetting process. After deposition of the layer it is hardened by
UV light and next layer is applied. Polymers and waxes are ideal for the process due to their
physical properties such as thick nature and capability to form droplets.

Binder jetting process consist of alternating deposition of two materials onto the build
platform. The main material which is base material of manufactured part is used in the form of
powder while the binding material is in the form of liquid. Binding material is applied between
powder layers in order to bind powder material.

In material extrusion technology the material is drown from the nozzle and heat is applied
with the following deposition process. During the process nozzle can move in two dimensions
over the build table while the building table moves up and down. Similarly, to other AM
processes the part build layer by layer. The strength of deposited layers can be improved by
temperature control.

Vat photopolymerization involves fabrication of the three-dimensional model layer by layer
from a vat of liquid photo curable polymers. Typically, UV light is utilized in order to selectively
irradiate photopolymers inducing complex chemical reactions which results in polymers

hardening. Support structure is required due to the nature of the process which involves moving
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the hardened part downwards after curing of each successive layer.

AM has shown incredible growth on the past three decades”. Commercial development and
investigation of AM begun since 1980s”). Such incredibly rapid growth of AM became possible
due to development of AM technologies and materials for use by AM driven by market factor
which had necessities for its use such as growing demand for personalized goods, decreased
cycles of product development, reduction of lead times and cost of manufacturing®. New
techniques and methods in AM were developed and implemented during past decade and applied
in areas such as aerospace, automotive and biomedical?. Developed techniques in AM include
fused deposition modeling (FDM), stereolithography (SLA), laser metal deposition (LMD),
selective laser sintering (SLS), laminated object manufacturing (LOM) and three-dimensional
printing (3DP) 7). Table 1 shows additive manufacturing technologies names and names of
companies that invented them, including purpose of technology and materials used. Due to
development in precision of AM machines, variety of available materials and mechanical

properties close to other manufacturing processes, AM reached sophisticated level, hence AM

Table 1 Additive manufacturing technology summary®

Manufacturing

Technology Companies Materials Usage
. . 3D Systems, ;
Material extrusion Solidscape Polymers Prototyping

ExOne, Voxeljet,| Metals, Polymers |Casting Molds, Prototyping
3D Systems and Foundry stand | and Direct manufacturing

Direct manufacturing and
Prototyping

Binder Jetting

Sheet lamination Mcor, Fabrisonic| Metals and Paper

Envisiontec, 3D

Vat Photopolymerization Photopolymers Prototyping

Systems
Directed _E_nergy POM, Optomec Metals Direct manufa(_:turlng and
Deposition Repair
Powder Bed Eusion 3D Systems, Metals and Prototyping and_ Direct
Arcam Poymmers manufacturing
. . 3D Systems, Casting patterns and
Material Jetting Object Polymers and Waxes Prototyping
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has a potential to position itself as a new manufacturing standard. The main goal of AM is to
manufacture final functional tool or component by combining advantages of prototyping and

engineering design?.

2. Design for Additive Manufacturing

Capabilities of AM include manufacturing of complex of geometry, functionality,
personalization of products and mass customization'?). In light of these unique characteristics of
AM the difficulty for engineers and designers is assuring AM technologies production
capabilities and cost of manufacturing in order to build high quality products.

Advantages of AM in freedom of design and material creates huge number of possibilities.
However, due to manufacturability limitations of AM at its current state not all designs can be
produced in cost efficient manner which includes hanging features, small poles, overhang
structures, thin walls, small holes and slots'V. The fact worth mentioning is that limitations of
AM depend on AM process. Investigation of limitations and capabilities of AM can help
engineers and designers to develop parts suitable for production by AM technologies!?. The
three main objectives of design for additive manufacturing (DfAM): 1) provide set of guidelines
and procedures and ensure them to be within the limitations and constraints of manufacturing
processes, 2) improve quality of the product through evaluation of design techniques on
manufacturing process, 3) establish relationships between design and manufacturing process*?.
As far as design and usability of the part is concerned DfAM can be classified into five groups:
1) geometry of the part, 2) part consolidation, 3) materials, 4) support structure, 5)
sustainability®.

Geometry. AM can be used to create high aesthetic, economic and functional parts due to its
capabilities to fabricate freeform geometry. One of the most useful features of AM in industrial
applications is ability to produce complex internal features of fabricated parts, such as pathways

to improve acoustic dumping, micro-vanes for ocular medical devices, integrated air ducts and
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mentioned earlier, conformal cooling channels which are the most extensively used feature

produced by AM*7:13),
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Fig. 1 Process parameters of DED”)

Part consolidation. Part consolidation is a prominent strategy of reducing the number of parts
in the design through design simplification. The main goal of this approach is to enhance
performance and at the same time reduce weight and manufacturing cost. This has become
possible due to capability of AM of free form fabrication and freedom to distribute material as
required which made possible reduction of number of parts of design”. Researches and industries
showed great motivation in investigation and applying this feature of AM for design innovation*#.
Well known example of part which is also the first reported case of part consolidation using AM
is redesign of aircraft duct?. When conventional manufacturing processes were used a total of
16 part were required to complete fabrication of aircraft duct but only one part was required when

part consolidation by AM was used®. Another example, General Electric consolidated helicopter

-6-

Collection @ chosun



engine from 900 parts, including fasteners, down to just 14. Moreover, the weight of new design
is reduced by around 40% and cost by 60%?7.

Materials. Large number of materials is already used in order to manufacture parts by AM
and research of developing these materials as well as development of new materials is in
progress”. Currently, different types of materials are applied, including metals, ceramics,
polymers and etc. Metal AM offers high growth potential. AM technology can be used to create
a variety of metals and alloys, including stainless steel, titanium, nick el and aluminum alloys”.
Versatility and simplicity of use in 3D applications made polymers and their composites the most
widely used materials in AM industry”. In addition, AM developed into fundamental technology
for the production of sophisticated materials such as ceramics.

Support structure. During manufacturing process by AM, the part undergoes multiple states
in which it can be affected by a number of different forces, including residual forces and in case
of overhang structures gravitational forces and etc. and supporting structures become
increasingly important. To mitigate the negative effect of these forces on quality, accuracy,
strength of the part, various methods are employed such as positioning the part in such a way
that it does not require any support during deposition process, designing self-supporting parts
e.g. parts that do not require support and incorporation of support structure”.

Sustainability. Optimization of design in such way that it has positive economic and social
effect while negative impact on environment is minimized”. AM has capabilities to create goods
that are both economically and environmentally sustainable. Fabrication of lasting products,
employing recyclable and recycled materials, applying highly efficient production technologies,
minimization or elimination of usage of hazardous materials and establishing good relationships
between consumers and goods are all part of sustainable applications of AM?.

Apart from the design prospective, aspects of DfAM directly related to design and
functionality of the part, another area of researches based on improvement of quality of goods

produced by AM. Examples include surface finish, durability, strength, accuracy and etc. These
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attributes of parts fabricated by AM require different approaches of investigation and are referred
to as deposition strategies. Numerous process parameters can affect the quality of deposition, as
shown on the Fig. 17). Each process parameter can affect quality of deposition. One example is
deposition path. Every type of AM technology except sheet lamination requires deposition path
for fabrication of 3D objects!®. Deposition path has direct relation to dimensional accuracy,
surface roughness and mechanical properties of the fabricated part, hence path planning is crucial
in AM™). Moreover, different deposition path means different movement of the moving table or
the print head which affects completion time of deposition®®. As a result, effective path planning

can result in better quality of manufactured part or shorter production time?®,

3. Directed Energy Deposition
Number of metal AM processes were developed after patent of SLS 1986 by Professor Joseph

Beaman and Carl Deakard including DED, PBF, SL and other processes'®). Laser and electron

Deposited Deposition Deposited Deposition
material nozzle material nozzle

Shielding gas Shielding gas

Substrate Nozzle Material Substrate Nozzle Material
direction supply direction supply
(a) Co-axial material supply system (b) Off-axial material supply system

Fig. 2 DED process scheme
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beam heat source can be used for melting metal powder during PBF and three processes can be
distinguished which are selective laser melting (SLM), direct metal laser sintering (DMLS) and
electron beam melting (EBM)%. Metal AM processes including DED and PBF were
academically researched, used in industrial applications as well as commercially*®). When DED
compared to PBF, DED shows higher build rate and volume density while finer surface finish
and lower thickness of the layers is attributed to PBF process®®). In DED metal powder or wire
is supplied to the surface of the substrate or previously deposited layer and simultaneously melted
by high intensity heat source creating a pool of molten material upon solidification of which
deposition bead is created. Fig. 2 shows schematics of DED process. PBF uses laser or electron
beam to selectively melt powder in powder bed. DED process can be used to deposit material
over even and uneven surface along the arbitrary trajectory which makes it excellent solution for
deposition of complex shapes as well as being used in repair and remanufacturing, unlike PBF7),
Some DED systems were developed with multiple powder or wire feeding supply systems which
made possible to produce parts with heterogeneous properties by depositing different materials
in sequence as well as combining them'® 1), This resulted in substantial rise in research and
development of DED technology over the past years.

According to the material supply system DED feedstock can be classified as powder and wire

feeding types!®). Heat source in powder feeding type DED is a laser, while wire feeding type

Table 2 DED process nozzle types®

Feeding . Deposition
Type Feeder axis type Energy source Method Process
Co-axial and off-axis (lateral) Laser (CO?, : LAM-
DU 0 feeding Nd:YAG,etc.) Cladding DED
Electric arc Welding WAAM
Wire Co-axial and off-axis (lateral) Plasma are Cl\zzl'dmg 3
feeding Laser acdine At wi Am
Welding
Electron beam Welding WEAM
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Table 3 DED process summary?

Technology Laser Engineering Net Shaping WLAM | WAAM
Feeding type Powder Wire Wire
Layer thickness (um) 100-380 >1000 | 1000-2000
Material deposition rate (g/min) 6.5 1.5-48.0| 16.7-66.7

DED can utilize electron beam, laser, plasma arc or electric arc'®. Feedstock delivery system
with regards to feeding process can be classified into two types which are co-axial and lateral
supply technologies'®. Powder feeding type DED which uses laser as a heat source is called a
laser additive manufacturing (LAM) — DED?. In case of wire DED, it can be classified into
three types depending on energy source used which are electron beam (WEAM), arc (WAAM)
and laser (WLAM) 9. Energy density primarily depends on heat source type and is 104, 108, 108
W/mm? for arc, laser and electron beam, respectively'®. WEAM. WAAM and LAM-DED
utilizes inert gas shielding during deposition process to protect molten pool from oxidation, while
WEAM is performed in the vacuum chamber'®. Among four of these process WAAM system is
the cheapest compared to other processes!®). The surface roughness of parts manufactured by
LAM-DED is higher compared to WLAM process®. When build rate is compared wire feeding
type has considerably higher build rates and layer thickness as well as greater residual stresses

compared to powder feeding type DED?.
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B. Research Motivation

Parts produced by AM showed mechanical properties equivalent to wrought materials. In
order to obtain required quality of deposition proper process parameters must be carefully chosen.
Applying experimental techniques in order to characterize empirical data from experiment as a
function of parameters is a common practice among researchers. However, experimental
methodology is costly and requires a lot of time due to necessary adjustments including
equipment set up and calibration of equipment, post processing and in some cases pre-processing
of specimen, testing and measurements of experimental results. Numerical simulation of the
deposition process in order to predict thermo-mechanical characteristics of manufactured part is
cost and time efficient alternative® 29,

Number of studies have employed finite element analysis (FEA) for modeling deposition
process by DED?% 22, In order to investigate post process parameters of DED three dimensional
FEA models with boundary constraints and moving heat flux were utilized to simulate real DED
process?). Continuous research and development of methods and techniques for FEA of DED
process brought quiet good results in terms of accuracy and reliability??). Researches on heat
source calibration as well as investigation of convective losses, both natural and forced were
investigated and reported for several materials. The methodologies for proper estimation,
assumption and simplifications were established by previous studies. Thus, the goal of this study
by using these methods and techniques to further develop strategies and techniques for improved

quality of deposition using FEA.
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C. Previous Research Works

1. Finite Element Analysis of DED

Thermo-mechanical analysis is performed in two steps, first heat transfer analysis with the
following mechanical analysis. The essential part of FEA is heat transfer analysis which
simulates DED process by applying temperature field throughout deposition process by using
moving heat source technique. Boundary conditions and deposition strategies are part of
thermos-mechanical analysis. Heat transfer analysis is performed in order to obtain transient
temperature field. These results are applied in mechanical analysis. Some similarities can be
observed in terms of process characteristics between DED and welding technologies.

In 1999, Nickel at al. investigated the effects of powder feeding type shape deposition
manufacturing process on distortion and residual stresses?®. The project was developed in
cooperation with Carnegie Mellon and Stanford Universities. However, in order to simplify the
process, during analysis heat source was applied on the surface of the substrate without including
material deposition.

In 2006, Mughal et al. used 3 dimensional FEA method to analyze GMAW based AM process,
Temperature dependent properties of material and process of material addition were considered
in the study?®). Single layer deposition by different deposition strategies based on raster scanning
pattern were analyzed to investigate residual stress distribution and distortion of the substrate.
Deposition of seven rows of beads were considered in the analysis. For passive cooling during
deposition process inter-pass time of one minute between rows was applied.

In 2006, Deus and Mazumder proposed FEA model for the deposition of a single track by
laser cladding process which was performed in ABAQUS software. In their work, dilution model
was applied in order to investigate the composition of materials during surface cladding of

different materials of substrate and deposit?”). They compared the effects of curved and planar
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front melt on residual stress. It was estimated that stress is formed in the vicinity of the deposited
region close to end of straight bead. According to their results added material to the front of melt
pool induces small constraint in melt pool area, hence regardless of outline of melt front similar
stress magnitude was observed.

In 2010, Chiumenti et al. performed FEA for fully coupled thermo-mechanical analysis on
in-house finite element software?®). In their analysis phase change phenomenon was considered
and represented as a shrinkage effect and released latent heat during process. Shape metal
deposition (SMD) AM process was used to deposit ten layer of Inconel 718 alloy with straight
beads. The applied heat source model was calibrated depending on volume of feeding wire.
Mechanical properties for solid, liquid and mushy state of the metal were considered in the
analysis. Compared to experimental results the estimated results errors were in the range of 10%
on average.

In 2011, Ding et al. applied a steady state Eulerian heat transfer analysis of WAAM process
for deposition of large multi-layer clad?®. Model was simplified such that elements are activated
for the whole layer which results in smaller distortion magnitude when compared to sequential
element activation method. When compared to conventional Lagrangian heat transfer analysis
their technique is 80% faster.

In 2011, Zhang et al. used ANSYS FEA for thermo-mechanical analysis of pulsed laser
powder deposition AM process for multi-bead deposition3?. They defined cross-section of the
bead through dimensions of bead width, length and area as well as wetting angle. In order to
simulate pulsing laser effect, the elements in the layer with melting temperature as initial
temperature were added during irradiation of each pulse on deposit.

In, Farahmand and Kovacevic used ANSYS software to design transient thermal elastic
model to analyze multi-bead laser cladding through evaluation of temperature field and residual
stress®). Laser heat source power distribution with top hat model was adopted for the study. The

laser dimensions are 12 mm and 3 mm for width and length, respectively. In the proposed FEA
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model latent heat and convection were incorporated and in case of temperature higher that melt
pool temperature modified thermal conductivity and specific heat were applied. The results of
the study showed increased residual stress for slower deposition speed after cooling process as a
result of higher heat input.

In 2010, Crespo and Vilar performed thermo-mechanical analysis to investigate the effects of
deposition speed and inter-layer cooling time during laser powder deposition process®?. In their
study they considered phase transformation of metals. According to their results, the inter-layer
cooling time plays an important role for control over uniformity of grain distribution because
proper inter-layer cooling can prevent excessive heat accumulation in the vicinity of deposited
bead.

In 2016, Denlinger et al. investigated the effects of inter-layer cooling time for deposition of
wall structure on thermo-mechanical characteristics of Inconel 625 and Ti-6Al-4V deposited by
powder DED3. For the moving heat source Goldak double ellipsoidal laser distribution model
was adopted. In the model conductive losses through the clamping fixtures was considered. In
order to obtain agreement between analysis results and experimental results they applied zero
stress to the model when temperature rise above relaxation temperature of the metals.

In 2018, Chua et al. investigated the effects of single layer deposition by wire DED process
on thermo-mechanical characteristics depending on scan speed and power of laser using FEA
software SYSWELD?). They estimated the hatch distance between beads in order to minimize
residual stresses due to negative effects of heat affected zone (HAZ).

In 2018, Lee et al. used FEA in order to investigate effects of dwell time between layers on
thermo-mechanical characteristics of Ti-6L-4Al deposited by wire feeding type laser metal
deposition®¥. The point-concentrated heat source model was proposed to analyze deposition of
the wall of ten layers using ABAQUS software. The dwell time was analyzed between 91s and

200 s and predicted results showed error in distortion near 37%.
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2. Application of Inconel 718 & AISI 1045

AISI 1045 carbon steel was selected for substrate and Inconel 718 as a deposition powder.
Inconel 718 is Ni-Cr-Fe based super alloy which became fundamental material of gas turbine
applications since its invention in 1963%). Despite being considerably harder to process
compared to stainless or carbon steel, it is has great level of forgeability among other super alloys
and been used to fabricate rings, shells and structural components®). In addition, Inconel 718
properties such as ability to maintain its superior properties at elevated temperatures which made
parts such as aircraft engines, nuclear parts, rockets manufactured of Inconel 718%. AlSI is a
medium carbon steel with good properties in terms of strength and toughness and can be easily
heat treated to obtain required properties. The properties of AISI 1045 make it easy to work with
to produce various parts but it is also easily affected when high heat is applied such as in welding
or during metal AM deposition process. AISI 1045 is used to produce wide range of metal parts
such as bolts, shafts, gears, axles, crankshafts and etc®. For the improved accuracy of the analysis
temperature dependent properties of AISI 1045 were assigned to substrate material and for
powder temperature dependent properties of Inconel 718. All six phases were considered in the
analysis for AISI 1045 with the initial conditions of 75% ferrite and 25% pearlite phase, while

only single phase was used in the analysis for Inconel 718.
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3. Objective & Methodology

Finite element methods (FEM) for the investigation of thermos-mechanical characteristics of
deposition process is still under development worldwide. After many years of research and
development of thermo-mechanical analysis acceptable methodologies and techniques are
estimated for acceptable results. Necessary simplifications such as rectangular cross-section of
the bead for powder feeding type DED process are made. This gives results with error of
acceptable range because the dimensions of bead cross-section for powder feeding type is very
small compared to wire feeding type DED process. For more accurate results volumetric heat
source is required which is essential for proper bead melting process simulation. Gaussian
volumetric heat flux distribution and Goldak double ellipsoidal heat flux distribution are
numerical representation of heat source which is usually applied. Due to high number of
unknown variables which required adjustment researches around the world before they can start
calibration of the heat source model must assume efficiency and distribution of heat flux. After
years of research method to quantify acceptable range of error was proposed?®. In addition, the
effect of different process parameters such as nozzle speed influence on the heat flux was
investigated too?*. Several researches proposed methods to estimate heat losses due to free and
forced convection in order to improve the accuracy of the results. Based on previous
investigations and research methods to estimate effects of various process parameters on thermal
and mechanical characteristics of DED process using FEA farther investigation and development
of DED process is required. In other words, systematic investigation of shape of deposition as
well as effect of deposition strategies is required for the continuous development of FEA models
for DED technology.

The main goal of this thesis is to propose method for development of FEA model for powder
DED process. The flowchart of research work is shown in Fig. 3. It includes, firstly estimate

various parameters for improved accuracy of the analysis based on previous researches
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Fig. 3 Flow chart of research work

methodologies and data. In particular, methods of estimation volumetric heat flux parameters,
heat losses due to natural convection and due to forced convection, bead height and width and
layer thickness. Using necessary assumptions and estimated data the effects of shape of deposited
bead, deposition path and pre-heating effects on thermos-mechanical characteristics of Inconel
718 powder deposited on AISI 1045 substrate are investigated in this study.

In Chapter 2, the methodology to investigate the effects of deposition shape on thermos-

mechanical characteristics in the vicinity of the deposited bead are estimated. In particular, the

-17-

{“ICollection @ chosun



effects of various width and length of deposition. The power of laser, travel speed of heat source
and efficiency of the heat source are same for all cases. In Chapter 3 the effects of deposition
path are analyzed in terms of HAZ, residual stress distribution and magnitude and distortion
evaluation. The best deposition path with uniform stress distribution, comparatively low
maximum stresses, lower distortion and lower twisting effect are selected. In Chapter 4, different
pre-heating temperatures are applied on the selected deposition paths in order to reduce
temperature gradient during deposition and reduce undesired effects of deposition process such

as stress and distortion.
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1. THERMO-MECHANICAL CHARACTERISTICS IN
THE VICINITY OF DEPOSITED REGION ACCORDING
TO DEPOSITION STRATEGIES

A. Deposition Strategies and Related Works

AM can be described as a key manufacturing process of industrial revolution 4.0 because it
has necessary functions and capabilities which satisfy IE standards such as ability to manufacture
completely customizable and personalized goods with complex shape, functionality and reduced
energy consumption and waste*? 4. However, AM still has a long way to go until it can become
major manufacturing process and replace conventional manufacturing processes. This is because
the quality of parts manufactured by AM still need a lot of improvements such as surface finish,
mechanical properties and accuracy. If proper process parameters and settings are used powder
DED can be used to fabricate parts with high quality and ready to use with minimal post
processing. However, a lot of research and development is required in order to obtain information
about right deposition properties to satisfy the needs of majority of industrial applications. The
major problems of parts produced by DED are stress and distortion. The high heat flux applied
during deposition process causes negative effects such as residual stress due to high temperature
gradients across the part**.

In order to reduce time required for multiple experiments FEA methods can be used to
evaluate and estimate the results of the effects of various process parameters. One of the methods
to improve the quality of the deposited part is to modify temperature histories which can be
accomplished by changing deposition path. Thus, study on deposition path can help to improve
the properties of deposited parts. However, currently majority of researches related to

investigation of process parameters of DED are about single bead deposition and only some of
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the researchers analyzed deposition of complex geometry with various scanning patterns®®).

In 2002, Dai and Shaw numerically investigated the effects of deposition strategies on
residual stress and distortion using ANSYS software for the case of zig-zag and offset out
deposition strategies®®). They used simplified model which did not include expansion and
shrinkage of the material due to temperature changes and in simplified model convection in the
molten pool was not considered.

In 2014, Parisa et al. studied the effects of high-power direct diode laser cladding process on
fabricated part in terms of residual stress and distortion, molten pool size, temperature and stress-
strain fields®). In order to analyze single and multi-bead deposition three-dimensional FEA
model was developed for uncoupled transient heat transfer and plastic-elastic model and
experimentally validated with predicted error around 3.5%.

In 2018, Lei et al. proposed three-dimensional FEA model with simplified clamping fixture
of substrate*”). The model was experimentally calibrated and applied for the analysis of thin wall
deposition using direct laser deposition process. Various volumetric heat flux models based on
Gaussian distribution were applied in order to find strategy for reducing residual stress.

In 2019, Ren et al. performed thermo-mechanical analysis of deposition process by laser aided
AM process to investigate the effect of deposition patterns on temperature evolution and its
effects on residual stress and distortion for single layer deposition process®®. The element
activation technique and Gaussian heat flux moving heat source were applied using MATLAB
and COMSOL software.

In 2021, Kim et al. investigated various deposition patterns for LENS process for small
volume deposition and selected best deposition strategies for FEA of large volume deposition“®).
In addition, they investigated the effects of pre-heating. Their results have shown that proper
deposition pattern combined with pre-heating can greatly reduce residual stress.

The goal of this study is to apply the knowledge from previous studies in order further

contribute for farther development of FEA methods for analyses of residual stresses and
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distortion when powder DED is applied. The evaluated deposition patterns are based on raster
and zig-zag deposition strategies. These strategies were selected due to their robustness and

simplicity to use on any geometry.

B. Thermo-Mechanical Analysis

1. Heat Source

Because thermo-mechanical analysis depend on temperature history heat source model is
highly important for the accuracy of the thermo-mechanical FEA simulation. For this study
conical Gaussian heat source was adopted, as shown in Fig. 3%,
The real laser beam heat flux distribution is very close to Gaussian distribution as shown in Fig.
4. The highest power density is at the center of the beam and it exponentially decreases away
from the center. At any plane perpendicular to z-axis within the effective penetration depth or

“keyhole” heat flux can be described by Equation (1) 39:

Q(x,y,2) = Qo exp (~L) M

Tz

r=,x%+y? 2)

Tz = Te+ 7z

—* (2 — 2,) 3)

i~ Ze

Where, Q(x,y,z) is volumetric heat flux at any point within heat source volume. Q, is the
maximum heat flux density at the center of the beam, r is distance from the center of the beam,
r; is conical source radius at any depth which reduces linearly. 7., r; are “keyhole” top and

bottom radius, respectively and z, and z; are top and bottom coordinates of heat source,
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respectively. c is a shape factor and X, y, z are coordinates.
Qo can be expressed by energy conservation Equation (4)39:

3P
TE(TE+7*7e+12)

Q= 4)

Where P, & are laser power and penetration depth of heat source, respectively. Volumetric heat

flux is estimated by Equation (5) 39

_ 3P x4y
Q(x' Y Z) =n* 7T6(Ti2+ri*re+rez) * exp ( Ti"Te > (5)

C*(Te*'zi—ze (z—-2¢))

Where, 7 is the efficiency of laser deposition process which attributes to losses related to material

evaporation, reflection of laser rays and other physical phenomenon.

>N

Zij :
a X

Fig. 4 Heat source model
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2. Heat Loss

During DED process surface temperature varies across surfaces of the specimen. The
buoyancy of air causes variation of natural convection depending on surface temperature??. In
addition, inert gas, which is Argon is this case study, is applied during deposition process to
protect melt pool from oxidation. For more accurate results of the simulation which includes long
cooling process until the part is in steady state conditions it is necessary to define proper cooling
conditions. The average coefficient of natural convection (h..n,) based on temperature
dependent properties of Argon and Air was implemented into the model as shown in Fig. 5. It

was estimated by Equation (6) 24

_ Nuy -k

hconv - L¢ (6)

Where, Nu,, , k and L. are average Nusselt number, thermal conductivity of gas and the
characteristics length of the specimen, respectively.

Depending on surface orientation average Nusselt number is determined by Equations. (7-9) 24:

Nu, = 0.54Ra,’*  (10* < Ra, < 107,Pr = 0.7) for top surface @)
Nu, = 0.52Rai/5 (10* < Ra;, < 10%,Pr = 0.7) for bottom surface (8)
Nu, = 0.68 06704Ra, " Ra,, < 10%)for vertical surf 9

w, = 0.68 + | gz prsriey e (Ra;, < 107)for vertical surfaces 9)

Where, Pr, is Prandtl number and Ra;, is Rayleigh number.

The air temperature (T) and Rayleigh number can be obtained from Equations (10-11) 2
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Fig. 6 Equivalent Heat Loss from Different Surfaces of the Model

]

_ 9(Ts—To)L}
Ra; = ety (10)
(Ts+Too)
Tr = = (11)

Where g, T, To,, Vi, @ are gravitational acceleration, temperature of the surface, ambient
temperature, kinematic viscosity and thermal diffusivity of air, respectively. The calculated
average coefficient of natural convection for top, bottom and vertical surfaces is plotted in Fig.
6.

For Argon shielding applied during DED process first should be determined if forced convection
should be considered in FEA model which can be accomplished by relation between buoyancy
to inertial forces which must be less than one (eq. 12) 24:

< q (12)

ReL

Where Gr;, is Grashof number and Re; is Reynolds number. This relation is estimated based on
melting temperature of AISI 1045 to determine applicability of forced convection effect at the

melt pool. Grashof and Reynolds numbers can be determined by Equations (13-14) 24:
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_ 3
Gr, = 2L To)lic (13)

2
Vi

Re, = L2 (14)
Vi
Where, f is thermal expansion coefficient of gas and V; is velocity of gas.
Based on results from Equation (12) Argon shielding causes forced convection. Average Nusselt

number for impinging jet can be determined from Equation (15-16) which is estimated from

empirical correlation for the blow from single round nozzle, as shown in Fig. 724,

_ p.04z [ 242°(1-2.249) 05 0.5510.5
Nu; = Pr <—1+0.2(g—6)A2‘5 (2Re®>(1 + 0.005Re">>)">) (15)

A, =2 (16)

T 4R2

Where A,, H,D,R are nozzle area, distance from nozzle to impingement surface, nozzle
diameter, and distance from stagnation point, respectively.

By substituting temperature dependent material properties into Fourier’s heat transfer equation
thermal history or temperatures (T) at (x,y,z,t) were obtained in FEA of transient heat

conduction (eq. 17)24:

d aT d oT 0 oT oT

(kD F) + 5 (kD S) + 2 (kD) + 0y, 2,0 = p(DGMN 5 (A7)
Where, Q(x,y,z,t) is heat input, t is time and p(T), C,(T), k(T) are temperature dependent

density, specific heat and thermal conductivity of the material, respectively.

Ambient temperature was set to be 20°C and initial temperature of the model is the same as
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ambient. Heat dissipation from the model to the environment was considered from all the open

surfaces and beads. Convective losses were estimated by Newton’s Law of cooling Equation (18) 24:

qz‘:'onv = hconv(Ts - Too) (18)

Where, q.ony IS convective loss, T, and T,, are surface temperature and ambient temperature,
respectively.
Radiative losses (g,44) Were calculated by Stefan-Boltzmann law (eq. 19) 24:

q;ad = SGS(TS4 - To%) (19)
Where, € is emissivity of the material and o; is Stefan-Boltzmann constant which has a value of
5.670*10% W/m/K*. Equation (19) can be rewritten and represented by the Newton’s law of
cooling Equation (20) 24:

q;ad = hyraa(Ts — To) (20)
The radiation coefficient h,.,4 can be calculated by Equation (21) 24:

hyrea = €0 (T52 + To%)(Ts + T) (21)

For better efficiency of FEA analysis combined losses (q;,ss) from convection and radiation can

be interpreted into single Equation (22) 24):

QZOSS = (heony + hraa) (Ts — Too) (22)

-27-

Collection @ chosun



Nozzle
Diameter
D)

Nozzle

Ambient
Temperature

Shielding Gas
(T.) £

(Argon)

Tmpingement Gas Temperature (T;)

| e———

Substrate la Surface Temperature (T )
Stagnation point

Fig. 7 Schematic representation of forced convection from a single nozzle?”

C. Effect of Deposition Strategies on Inconel 718 Powder
Deposited on AISI 1045 Substrate

3. Material Properties

In order improve accuracy of the analysis temperature dependent properties of Inconel 718
were assigned to the bead material and properties of AISI 1045 to the substrate. The data was
obtained from commercial software SysWeld and JmatPro*® 43, The graphs on the Fig. 8 and 9
are showing temperature dependent conductivity, specific heat, yield strength, modulus of
elasticity and Poison’s ratio. In case of Inconel 718 single phase was assumed while all six phases
were considered for AISI 1045. Initial conditions of AISI 1045 are 25% Pearlite and 75% Ferrite

phases. Chemical composition of AISI 1045 and Inconel 718 are shown in the Table 4.

Table 4 Chemical composition of AISI 1045 and Inconel 718
Material Fe C Si Ni Cr Mn Cu | Mo | Other

AlSI 1045 | Balance | 0.444 | 0.247 | 0.005 | 0.015 | 0.757 | 0.01 0 <0.1
Inc. 718 Balance | 0.08 0.35 50 19 1.15 0 3.05 0
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4. Finite Element Models

A total of 16 FEA models were developed to investigate the effects of scanning patterns.
Dimensions and boundary conditions of FEA models are shown on the Fig 10. Temperature
dependent material properties of AISI 1045 were incorporated into substrate and Inconel 718 to
powder model. Similarly, to the previous model cases mesh was structured in such a way that
fine mesh applied only in the HAZ region and surrounding area. The purpose of this strategy is
to minimize computational time while retaining high accuracy because high temperature flux,
change and gradients are in vicinity of deposited clad and require accurate estimations of
temperature field. This as a result makes improves results of mechanical analysis because it
primarily depends on temperature histories. Eight deposition strategies based on zig-zag and
eight based on raster deposition strategies are studied in this research. The four strategies in each
type are combination of different direction of deposition in each layer marked as Z-1, Z-2, Z-3,
Z-4 in case of zig-zag strategies and R-1, R-2, R-3, R-4 for raster scanning patterns, as shown in

Fig. 11 (a) and 12 (a), respectively. The other four are the strategies with contour bead scan

b iti :
Naturalt_,_.____b\ Deposition clad: Inconel 718
convection 1

10 mm | L\

| \
Fixed constraint area Y‘A

Substrate: AISI1045

Natural convection

Fig. 10 Boundary conditions of FE model for investigation of the effects of deposition
strategies (Deposition material: Inconel 718, substrate: AISI 1045)
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Fig. 11 Zig-zag deposition strategies (Deposition material: Inconel 718, substrate: AISI
1045)

applied first over the perimeter of the deposition area and then the inside layer is filled. These

strategies are referred as CZ-5, CZ-6, CZ-7 and CZ-8 in case of zig-zag scanning patterns and
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(b) Unidirectional strategies with contour bead

Fig. 12 Raster deposition strategies (Deposition material: Inconel 718, substrate: AlSI
1045)
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CR-5, CR-6, CR-7, CR-8 for the case of raster deposition strategies, as illustrated on Fig. 11 (b)
and 12 (b) respectively.

The majority of studies related to deposition patterns are evaluating the deposition of square
shape bead. These results might be less accurate when the deposition clad has different width
and length. Thus, this study is investigating the effect of scanning pattern on rectangular shape
of deposition clad with length to width around 3 which can be applied in the cases with higher

ratio. The evaluation of the results is based on HAZ, residual stress and distortion.

5. Results & Discussions

HAZ is the area around the deposition region which was affected by high temperatures and
had its microstructure modified without melting. Due to the change in microstructure thermo-
mechanical properties are also changed.

The knowledge of the link between thermal history and mechanical behavior is crucial to
achieve required properties of parts by AM. Fig. 13 shows 1SO view of temperature distribution
at the end of deposition process. It can be observed that temperature distribution is different for
different deposition strategies. In other words, higher temperatures can be observed in the larger
area in the vicinity of deposited region. Note that the average temperature in substrate and
deposited clad away from heat source is not higher than 300°C. This is due to conduction process
which takes away most of the heat from the melt pool.

Temperatures in the vicinity of deposited region are lower for raster deposition strategies due
to the effect of inter-pass time cooling. In other words, when raster strategy is used the deposition
nozzle moves to the starting point of the subsequent bead after completion of previous bead
allowing substrate to cool. The inter-pass time control can also be used to alter mechanical
properties of deposited clad however the process time is increased as well.

All the deposition patterns investigated in this study are based on 4 deposition strategies type
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Fig. 13 Influence of deposition strategies on the temperature distribution at the end of
cooling process (Deposition material: Inconel 718, substrate: AISI 1045)

Z-1, Z-2 and R-1, R-2, hence these patterns were selected to analyze predicted thermal histories
at points A, B and C, as illustrated at Fig 14 (a). Fig. 14 (b) shows thermal histories for Z-1 and
Z-2 deposition patterns and Fig. 14 (c) shows results for Type R-1, R-2. The results show that at
selected points A, B, C for Z-1 pattern, temperature rise more quickly and continuously until it
reaches local peak temperature. This is contrary to Z-1 where temperature rise occurred via short
heating and cooling cycles until it gradually reached its peak temperature. For each selected
points the peak temperatures for Z-1 were higher than Z-1. From this result it can be noted that
during deposition process Z-1 allows better cooling at selected surface points. The differences in

temperature are drastically reduced during the cooling process.
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Fig. 14 Temperature histories according to deposition strategies (Deposition material:
Inconel 718, substrate: AISI 1045)
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Fig. 15 Influence of deposition strategies on 1%t principal stress distribution in the vicinity
of deposited bead (Deposition material: Inconel 718, substrate: AISI 1045)

In case of raster deposition strategy R-1 shows higher peak temperatures at point B lower
peaks at points A and C. This is due to nozzle movement after each deposited bead. Since R-2
scanning patterns has shorter beads it cooled more often during deposition process and shows

gradual increase in temperature. This in contrast to R-1 strategy where temperature rises higher
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after each deposited bead. For all deposition strategies points A and C show the lower peak
temperatures when compared to point B. This is due to relatively cooler substrate edges
compared to the center region hence higher conduction rate occurs at the points closer to the
edges of substrate.

Cut through the center cross-sections are selected for stress evaluation, as shown in Fig. 15
(a). Predicted results for 1% principal stress and effective stress according to scanning pattern are
shown in Fig. 15 (b) and Fig. 15 (c). The total cooling time of all the specimens is 40 minutes
after which uniform temperature of 28-30°C distributed for all models.

The distribution of residual stress in the area surrounding deposition region is highly varied
according to deposition pattern. The stress concentration region is under the deposition region
close to upper surface of the substrate. All non-contour bead scanning strategies show excessive
stress region in the corners between substrate and clad. The stress in this case is partially
distributed on the surface of deposited clad and substrate. This is much undesired because tension
stresses on the surface are more prone to crack initiations rather than inside stresses. In cases

where contour bead is applied the effect of surface stress is lowered to some degree.

Effective stress
(MPa)
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[ 855
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— 570
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(a) Selected cross-sections
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Fig. 16 Influence of deposition strategies on effective stress distribution in the vicinity of
deposited bead (Deposition material: Inconel 718, substrate: AISI 1045)

In case of the zig-zag deposition strategies concentration of the 1%t principal stress is observed
inside the deposited clad and gradually decreased from contact region, as shown in Fig. 15 (c)
and Fig 15 (b). Investigation of effective stress distribution in the midline cross sections shows

highest stress concentration in the contact region between deposited clad and substrate regardless,
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Fig. 17 Effect of deposition strategies on planar 15t principal stress distribution (Deposition
material: Inconel 718, substrate: AlISI 1045)
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Fig. 18 Effect of deposition strategies on planar effective stress distribution (Deposition
material: Inconel 718, substrate: AISI 1045)
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of the deposition strategy as illustrated in Fig. 16 (b) and Fig. 16 (c). In addition, all deposition
strategy cases show stress concentration along the corners between substrate and deposited clad.
However, lower stresses along the corner are observed in contour bead cases.

High stress concentration is primarily observed under the deposition close to top surface of
substrate. The depth of excessive stress concentration is nearly 150 um. Deposition patterns Z-
1, CZ-5, R-1 and CR-2 consist of longer beads in each layer which are oriented in the direction
perpendicular to width of substrate. These strategies show deeper distribution of highly
concentrated stress region. The distribution of stress in cross-section view considerably different
between raster and zig-zag deposition strategies. Distribution of 1% principal stress for the case
of zig-zag strategy show better symmetry when compared to raster deposition strategy.

The predicted results of planar stress distribution is assessed on top surface of the substrate
below deposited clad as can be seen on Fig 17 (a) and 18 (a). Zig-zag scanning pattern shows
symmetrical stress distribution, except Z-1 and CZ-5 which shows asymmetric stress distribution,
as shown in Fig 17 (b). Both of these strategies have similar scanning patterns, except that CZ-5
has contour bead. Thus, it can be concluded that deposition of longer beads perpendicular to
shorter side of substrate produces non-uniform stress distribution. Scanning patterns Z-3 and Z-
4 are grid-like deposition strategies and CZ-7 and CZ-8 are respectively, similar patterns but they
have contour bead deposited first. Scanning patterns Z-3 and RZ-7 show comparatively better
uniformity of stress distribution, both effective and 1%t principal. Thus, it can be concluded that
stress distribution primarily affected by 1% layer deposition direction and proper following stress
distribution can improve uniformity of stress distribution.

Planar residual stress distribution predicted for raster deposition strategies shows non-uniform
distribution as can be seen on Fig 18 (b). Zig-zag deposition pattern exhibits comparatively
symmetrical stress distribution when compared to raster scanning patterns. Strategies R-1 and
CR-5 show similar tendency as in the case of zig-zag strategies. Comparing to other raster

scanning patterns R-1 and C-R5 predicted to have significantly more irregular stress distribution.
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Fig. 19 Maximum effective stress accroding to deposition strategy (Deposition material:
Inconel 718, substrate: AISI 1045)
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Fig. 20 Maximum 1%t principal stress according to deposition strategy (Deposition material:
Inconel 718, substrate: AISI 1045)

R-3, R-4, CR-7 and CR-8 are the patterns with grid and show better uniformity compared to
other raster deposition patterns, as shown on Fig 18 (b). The influence of scanning pattern on
stress distribution is predicted to be more significant in case of raster strategy compared to zig-
zag pattern.

Irrespective of scanning pattern predicted results show that maximum residual stress is
located in the surrounding area of stress concentration region, as shown in Fig 17 (b) and Fig. 18
(b). According to this result it can be concluded that weakest point of deposited clad and region
where fracture initiation can occur. Maximum stress location is different for each scanning
pattern. From this result, it is noted that maximum stress location is highly influenced by the

deposition pattern.
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Fig. 21 Typical displacement distribution (Deposition material: Inconel 718, substrate:
AISI 1045)

Predicted results of maximum stresses are shown on Fig 19 and 20. These graphs show results
for maximum 1% principal and effective stress at the end of cooling process and immediately at
the end of deposition process. During cooling process stresses are increased for the case of
effective stress the increase in stress is between 0.4-20.4 % while 1%t principal stress rose between
1.7- 22.5 %. From this result it can be noted that during natural cooling stresses increase in
magnitude and that deposition pattern can affect the increasing value. In addition, predicted
results show that side constraints effect on stresses in not significant. In case of effective stress,
deposition pattern influence on maximum stress is insignificant as shown in Fig. 19. However,
maximum 1%t principal stress is significantly affected by scanning pattern. Contour bead show
considerably lower maximum stresses. This can be result of preheating effect when contour bead
is deposited and temperature of substrate is increased. Deposition strategies CZ-7 and CR-7
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Fig. 22 Maximum displacement according to deposition strategies (Deposition material:
Inconel 718, substrate: AISI 1045)

-43-

Collection @ chosun



y
x|

¥~ Constraint B

(a) Selected locations
3.00

2.00

1.00

0.00

Distortion (pm)

WSl 100
-1.00

-2.00

-3.00 -

Time (s)
(b) Distortion histories

Fig. 23 Distortion histories for selected deposition strategies (Deposition material: Inconel
718, substrate: AISI 1045)

showed lowest maximum 1%t principal stress.

For both zig-zag and raster deposition strategies for the case of contour bead the residual
stress estimated to have higher maximum effective stress than max 1%t principal stresses. This is
due to hydrostatic effect which appears as a result of deposited clad being surrounded by pre-
deposited contour bead creating compressive stresses.

As has been estimated in previous sections the 1% principal stresses are considerably lower
when contour bead is applied. Fig. 22 depicts comparison between 1% principal stress and thermal
histories. Starting point of the deposition on the substrate was selected for the evaluation due to
its location being same for all models. The lower stresses in deposition strategies with contour
bead can be explained by higher initial peak temperature with the following relaxation effect as
deposition progresses. Similar behavior is observed for both zig-zag and raster strategies.

Predicted results of the analysis show similar pattern of distortion after end of cooling and
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before cooling irrespective of deposition strategy. Analysis results show upward displacement at
the tip of free end of all models irrespective of deposition pattern, as shown in Fig. 21. The
starting location of displacement is at the edge of deposition bead and it reaches maximum at the
free end of the models.

This result is expected because bending effect appears at the location of deposition region.
Maximum displacement before and after cooling process are shown of Fig. 22. As a result of
higher temperatures at the end of deposition process zig-zag patterns shows higher increase in
maximum displacement due to cooling process. Maximum displacement is significantly affected
by deposition pattern varying from 198um to 244um for zig-zag strategies and between 185um
to 217um for raster strategies. Overall zig-zag deposition strategies show higher displacement at
the end of cooling and at the end of deposition process due to overall higher temperature during
processing.

Fig. 23 shows graph of distortion over time for CZ-7 and CR-7. The graph is based on
difference in displacement at points A and B. The deposition process time of raster strategies is
almost double of zig-zag patterns. According to predicted results on the graph, the accumulation
of distortion is significantly affected by processing time. In addition, the inter-pass time in case
of CU-7 strategy has negative effect on the accumulation distortion and final distortion at the end
of deposition of each layer as well as at the end of processing. The graph shows that CZ-7 strategy
has lower distortion during the processing at after the end of deposition. Although displacement
of CZ-7 is strategy is higher than CR-7, 200um versus 185 pm, analysis result shows significant
increase in distortion when CR-7 strategy is applied. From this result it can be noted that CZ-7
deposition strategy is suitable for reduced distortion. Additionally, CZ-7 strategy showed low
maximum residual stresses and more uniform stress distribution, hence CZ-7 is preferred

deposition strategy.
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D. Effect of Deposition Strategies on G6 Powder Deposited on
SCM 440substrate

1. Boundary Conditions and Analysis Parameters.
Among investigated strategies five strategies which has shown comparatively uniform

residual stress distribution and lower maximum stresses were selected. These strategies were

Table 6 Characteristics dimensions of DED process (Deposition material: G6, substrate:
SCM 440)

Bead width (um) | Hatch distance (um) | 1%t Layer height (um) |2"® Layer height (jum)

2,000 1,200 500 625

Table 5 Analysis parameters (Deposition material: G6, substrate: SCM 440)

Power of laser (W) [Scan speed (mm/min)| Feed rate (g/min) Efficiency

1,400 1,200 8 0.44

applied for deposition of G6 powder over SCM 440 substrate. Selected strategies are shown in

Fig. 24.

Boundary conditions of FE models are shown in Fig. 25. Substrate dimensions, clamping

RZ-2 RZ-3 RZ-4 RU-2 RU-3

ey L RS RS RN RSN (ST RSO | ==)|(NAARANAANY! [ARAAARARAY
aoraper LU LU [ =3[ TUUILTU| [ 111 —=

g 1SR NP U KRR | === || A KD | | AT AE

Fig. 24 Selected deposition strategies (Deposition material: G6, substrate: SCM 440)
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=——— Forced convection

o Fixed constraints

Fig. 25 Boundary conditions of FE models for investigation of the effects of deposition
strategies (Deposition material: G6, substrate: SCM 440)

conditions and deposition bead dimensions are similar to the case of Inconel 718 deposition. The
heat loss was considered from all surfaces, including heat loss from forced convection, and were
applied to the model for improved accuracy. The analysis parameters and characteristics
dimensions are shown on Table 5 and Table 6.

In order to obtain accurate results temperature dependent material properties of G6 steel were
assigned to powder material and temperature dependent material properties of SCM 440 were
assigned to substrate material. Properties of G6 and SCM 440 are show on Fig. 26 and Fig 27,

respectively.

2. Results & Discussion

In order to evaluate inside residual stresses cross-sections through mid-section were selected
as shown in Fig 28 (a). Fig. 28 (b) shows 1%t principal stress distribution in cross-section A-A’.
According to the results of the analysis the depth of concentrated stresses is deeper in case of

zig-zag deposition strategies. In case of unidirectional deposition strategies, the stresses are
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Fig. 26 Temperature dependent properties of G644
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Fig. 28 Influence of deposition strategy on 1%t principal stress distribution (Deposition
material: G6, substrate: SCM 440)
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Fig. 29 Influence of deposition strategy on planar 1%t principal stress distribution
(Deposition material: G6, substrate: SCM 440)
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Fig. 30 Influence of deposition strategy on maximum 1%t principal stress according to cross-
section view (Deposition material: G6, substrate: SCM 440)
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Fig. 31 Influence of selected deposition patterns on displacement distribution (Deposition
material: G6, substrate: SCM 440)

closer to top surface of the substrate. The location of maximum stresses is similar for all cases
and is located under the contour bead. Considerably higher maximum 1% principal stresses are in
case of unidirectional deposition strategies in cross section A-A’. Stress distribution in cross-
section B-B’ is shown in Fig. 28 (b). When cross-section B-B’ is compared to A-A’ considerably
lower stresses are observed for every case. The distribution of stress shows similar tendency
where stress concentration depth is greater in case of zig-zag deposition strategies. This is due to
inter-pass time required during unidirectional deposition which has effect on residual stress
distribution. Although maximum stresses in cross-section B-B’ are lower in case of
unidirectional deposition strategies higher stresses are observed inside deposited bead. Fig. 30
shows maximum stresses. Section A-A’ shows considerably higher maximum stresses.
Unidirectional strategies show the higher maximum 1% principal stress.

Fig. 29 shows planar stress distribution. It was estimated that the maximum planar stresses
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are at a depth of approximately at a depth of 80 um. Zig-zag deposition strategies show somewhat
symmetrical stress distribution while unidirectional deposition strategies show high stress
concentration at one side of the substrate due to better symmetry and lower maximum stresses

zig-zag strategies RZ-2, RZ-3 and RZ-4 are selected for farther displacement evaluation.
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Fig. 32 Maximum displacement of selected deposition patterns (Deposition material: G6,
substrate: SCM 440)
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Fig. 33 Maximum distortion of selected deposition patterns (Deposition material: G6,
substrate: SCM 440)
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Upward displacement at the free end is observed in all models as shown in Fig 31. The
maximum displacement is located at the edge of the FE models. When maximum displacement
is compared the similar value was predicted for each case, as shown in Fig 32. When maximum
distortion is compared e.g. difference of maximum displacement at opposite corners of the free
end of the models. RZ-4 showed the lowest distortion which is 3 times less than RZ-2 and RZ-3
as can be seen on Fig. 33, hence RZ-4 strategy was selected as proper deposition pattern for G6

powder deposited over SCM 440.
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1. THERMO-MECHANICAL CHARACTERISTICS
ACCORDING TO SHAPE OF DEPOSITED MATERIAL

A. Description of the Analysis

More in-depth research and broad understanding of the DED process is necessary in order to
drive technology forward and develop it to its full potential®®). Finite element method is a great
tool in order to understand the perplexing physical phenomenon that take place during deposition
process in regards to different process parameters. Fundamentally, it can be divided into
empirical and numerical analysis models. The empirical model is based on data obtained from
experiment which systematized and summarized by various methods such as regression analysis
or linear/non-linear analysis. After that the data is used as a base for the numerical modeling and
analysis®). Analysis model is then developed for better understanding of the effects of process
parameters but generally focuses only on one or two physical processes because analysis of all
physical fields is highly challenging due to limitations of modern hardware. For example, melt
pool models are analyzing the process of melting of powder until solidification to investigate
cross section formation3®. Thermo-mechanical analysis is focused on the properties of material
after solidification, including distortion, stress and metal microstructure. These models are used
to investigate various process parameters and deposition strategies such as deposition path, dwell
time, preheating and etc®®. The main goal of thermo-mechanical FEA is to estimate heat transfer
and stress-strain characteristics of the part during deposition by DED.

When parts are manufactured by DED process usually substrate is required on top of which
metal part is deposited. Depending on the part geometry and substrate material and dimensions
the residual stress formation and distortion effects might vary significantly. For example, if the

substrate is too thin it can deflect significantly which in turn will affect the part quality and
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dimensional accuracy. In addition, increased width and length of deposition can also affect the
part itself due to accumulation of distortions as a result of cyclic heat flux input. Author has no
knowledge of existing studies of the aforementioned case. In this study, the residual stress
formation and displacement are estimated and evaluated according to deposition shape and
powder material. More specifically, thermo-mechanical characteristics of Inconel 718 deposited
on AISI 1045 according to width (W) and length (L) and thermo-mechanical characteristics of
Inconel 718 deposited on AlSI 1045 substrate and G6 powder deposited on SCM 440 according
to deposited height (H).

B. Effects of Deposition Width & Length

1. Finite Element Models

In this study, total of nine FEA models were created to investigate the effects of width and
length of deposited bead on thermos-mechanical characteristics in the vicinity of deposited bead.
In order to save computational time but maintain acceptable accuracy of the results of simulation
fine mesh was created in the vicinity of deposited bead with the smallest element size of 0.01

mm. Fine mesh is required only in the surrounding area of deposited bead due to high temperature

Coarse
Mesh

Fine mesh

Fig. 34 Mesh structure of FE models for analysis of influence of deposited shape on post
process thermo-mechanical characteristics (Deposition material: Inconel 718, substrate:
AISI 1045)
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Fig. 35 Selected dimensions for width (W) and length (L) of deposition area

gradients and high heat flux in that region. In addition, the highest temperature change is also
happening in that region. The thickness of each deposited layer is one element tall and each track
four elements wide, making every element % of the diameter of laser beam. Mesh structure of
the models is shown on Fig. 34.

The deposition parameters are taken from the work of Ho et al. Table 7 shows the process
parameters used for the analysis and Table 8 shows dimensional characteristics of deposited bead.

The creation of model and analysis were performed in commercial software SysWeld*?). When
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Fig. 36 Boundary conditions of FE models for analysis of effects of deposition shapes
(Deposition material: Inconel 718, substrate: AISI 1045)
simulation of deposition process is compared to real DED process the analysis is performed in
steps rather than continuously. The most sophisticated results are obtained by the activation
technique. During that process some of the elements are activated at the location of heat source
to simulate the material ejection process. After that the steady state heat transfer equations are
solved at that location and heat source is moved to the next step. The final conditions of previous
step are used as initial conditions of the next step. The distance traveled by heat source between
steps depends on the step time. In addition, the accuracy also depends on step time. The smaller
the step time is the closer the simulation to continuous deposition process. In this study the step
time during analysis is 0.02 seconds which gives highly accurate results. Fig 35 shows selected
dimensions of the width (W) and length (L). Since the goal of the study is to evaluate the effects
of various W and L on the residual stress and displacement all the parameters of the analysis are
the same for all models including power of laser, scan speed, gas flow rate, clamping conditions,

ambient and initial temperatures. The number of nodes and number of elements for each case are
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Table 7 Process parameters of the experiment (Deposition material: Inconel 718, substrate:

AISI 1045)
15t bead width | Hatch distance 1%t layer 2nd-3rd Jayer Total height
(mm) (mm) thickness (mm) | thickness (mm) (mm)
1 0.5 0.135 0.25 0.635

Table 8 Dimensional characteristics of deposited bead (Deposition material: Inconel 718,
substrate: AISI 1045)

P (W) r (mm) (] c V (mm/min) | F (L/min)| S (f/min)

350 1 0.350 1/16 1000 7 10.3

shown in Table 9. The higher the number of nodes and elements the higher the time required for
the analysis. The computational time ranging from around 12 hours for the smallest deposition
area of 6 mm width and 20 mm length up to 120 hours for the largest area of deposition of 10
mm width and 40 mm length. Boundary conditions of the FE models are shown on Fig 36.
Dimensions of the substrate are the same for all models, as shown in Fig 36.

The raster scanning pattern based on planar bead deposition only in one direction, which is
very simple and robust to be used with any geometry of shape of the part. Although build
accuracy can be negatively affected and more time is required to complete the deposition process
by raster deposition strategy. Considering these models have a lot of beads zig-zag deposition
strategy is selected to join all single beads into one continuous deposition process with reduced
number of transmission motions and reduced deposition time.

Heat loss from each side of the substrate and the surface of deposition bead was considered in
the analysis. Forced convection during deposition process was applied to the top surface which
consist of radiative losses and energy losses due to blow of Ar gas. Total of 3 layers deposition
was analyzed with the starting location of deposition from the fixed side to the free end of
substrate. All beads are deposited in the direction parallel to the long side of the substrate. One

sided clamp was used with clamp on the side with starting point of deposition. Dimensions of

-59-

Collection @ chosun



the substrate are same for all models and were previously. Fixed clamping of 10 mm was applied
at one end of the substrate as shown on Fig 36. The purpose of the study is to analyze the effects
of deposited shape on residual stress and distortion. More specifically, to investigate the effects

of change in width and length.

Table 9 Number of meshes and nodes according to deposition width (W) and length (L)
(Deposition material: Inconel 718, substrate: AlISI 1045)

W (mm) 6 8 10

L (mm) 20 30 40 20 30 40 20 30 40
Nodes (EA) | 32,772 | 39,159 | 46,094 | 46,102 | 55434 | 65,376 | 59,285 | 71,559 | 84,515
oD '%gge“ts 29,868 | 35904 | 42,404 | 42,200 | 51,020 | 60,368 | 54,388 | 65,992 | 78,188
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2. Results & Discussions

According to predicted results after long cooling all the models are below 30°C which is close
to the room temperature and sufficient to evaluate post-process thermo-mechanical
characteristics of deposition process. Fig 37 shows 1SO view of effective stress distribution for
each study case. As can be seen from the Fig. 37 stresses on the surface of the models is
comparatively low. Moreover, only the deposited area and small surrounding area exhibits
residual stresses and the rest of the substrate is unaffected by effective stress.

Cross-sections through the starting side of deposition, through the center and ending side of
the deposited bead of the models were selected to evaluate effective stress distribution as shown
in the Fig 38, Fig 39 and Fig 40. In cross-section A-A’ residual stress distribution can be observed
as shown in Fig 38. For all cases the stress distributed similarly and the location of maximum
stress is on the left side or under the first deposited bead. The maximum stress and stress
concentration is under the deposited bead on the top surface of the substrate. In all cases width
residual stress is lower with increasing the length of deposited bead.

Section B-B’ in Fig 39 shows stress distribution through the mid-section of FE models.
Similarly, the distribution of stress and the location of maximum stress is same for all cases
except the 10 mm width and 30 mm length case which has maximum stress under the last
deposited bead. In case of 6 mm width and 10 mm width the 20 mm length showed the lowest
maximum stresses and 30 mm length case showed the lowest maximum residual stress, as shown
in Fig 39. In case of 8 mm width case the maximum effective stresses are similar for each case.
Overall, 10 mm width case shows the lowest stresses. The mid-section of the model has the
highest importance as far as maximum stresses are concerned. This is due to steady state
conditions inside the model. Most of the part is affected by the steady state conditions and show
similar stresses across most of the inside of the part. This has high impact over mechanical

properties of the deposited part.

-61-

Collection @ chosun



0 200 400 600 800 1,000 1,200 Effective stress

- | I i (MPa)

W=6 mm, L=20 mm W=8 mm, L=20 mm

W=6 mm, L=30 mm W=8 mm, L=30 mm

W=6 mm, L=40 mm W=8 mm, L=40 mm

W=10 mm, L=20 mm

W=10 mm, L=30 mm

W=10 mm, L=40 mm

Fig. 37 ISO view of effective stress distribution according to deposited width (W) and length
(L) (Deposition material: Inconel 718, substrate: AISI 1045)

Cross-section C-C’ goes through the end of the deposited bead on the free end of the substrate
as shown in Fig 40. Maximum stress location is same for all cases. In each case 20 mm length
models showed the highest maximum stress as shown on the graph in Fig. 41. In case of 6 mm
and 10 mm the stress is lowest at 30 mm length with slight increase in value when deposited
length is 40 mm.

Fig 42 shows ISO view of 1% principal stress distribution. Asymmetric stress distribuend is

observed on the surface of the models. Similar pattern of stress distribution for all models is
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Fig. 38 Effective stress distribution in A-A" section according to deposited width (W) and
length (L) (Deposition material: Inconel 718, substrate: AISI 1045)
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Fig. 39 Effective stress distribution in B-B' section according to deposited width (W) and

length (L) (Deposition material: Inconel 718, substrate: AlISI 1045)
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Fig. 40 Effective stress distribution in C-C' section according to deposited width (W) and
length (L) (Deposition material: Inconel 718, substrate: AISI 1045)
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Fig. 41 Influence of deposited width (W) and length (L) on maximum effective stresses

according to cross-section (Deposition material: Inconel 718, substrate: AISI 1045

observed. Which farther proves that stress distribution is primarily affected by the scanning

pattern. Similarly, to effective stress evaluation three cross-sections were selected to analyze 1%

principal stress distribution. Cross-sections A-A’, B-B’ and C-C’ as shown in Fig.43-45.

Cross-section A-A’ is located at the edge if the deposited bead on the closer to fixed side of

substrate, as shown in Fig 43. The location of maximum stress for all models is located under

the second bead. The excessive stress concentration region is under the deposited close to the top

surface of the substrate. For all cases the maximum stress is lower with increasing length of

deposited bead except 10 mm case which has same maximum stress for 30 mm and 40 mm length.

Cross-section B-B’ is the cut through the mid-section of the models as shown in Fig 44. The
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Fig. 42 1SO view of 1%t principal stress distribution according to deposited width (W) and
length (L) (Deposition material: Inconel 718, substrate: AISI 1045)

stress distribution pattern is same for all models through the mid-section. The stresses at the mid-
section are considerably lower compared to the stresses at the edges of deposited bead. This is
due to higher energy input at the start and at the end of deposited bead. The starting and ending
section of deposited bead is called transition area and it is exposed to considerably higher
energies which results in greater temperature gradients as well as greater residual stress. The
maximum 15 principal stress location is exactly at the center of the models under the deposited
bead on the top surface of the substrate. The magnitude of maximum stress is the highest in case

of 20 mm length for each width case. In case of 30 mm and 40 mm length the difference in
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Fig. 43 15t principal stress in section A-A" according to deposited width (W) and length (L)
(Deposition material: Inconel 718, substrate: AlSI 1045)
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Fig. 44 1t principal stress distribution in section B-B' according to deposited width (W)
and length (L) (Deposition material: Inconel 718, substrate: AISI 1045)
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Fig. 45 1%t principal stress distribution in section C-C' according to deposited width (W)
and length (L) (Deposition material: Inconel 718, substrate: AISI 1045)
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Fig. 46 Influence of deposited width (W) and length (L) on maximum 15t principal stresses
according to cross-section (Deposition material: Inconel 718, substrate: AISI 1045)

maximum stress is low. The stress is lower with increased length in case of 6 mm and 10 mm
width while opposite is true for the case of 8 mm width. The cross-section C-C’ goes through the
edge of the bead closer to the free end of the substrate as shown in Fig 45. Similarly, to other
cross-section views the stress distribution pattern and location of maximum stress is similar for
all models. Stress concentration region is under the deposited bead near the top surface of the
substrate. The maximum stress location is under the 1% bead. In all cases the highest maximum
stress is at 20 mm length. The stresses are lower with increased length in case of 6 mm width
and 8 mm width. However, in case of 10 mm width the maximum stress is the lowest at the 30
mm length with slight increase at 40 mm length. The maximum stresses are summarized in Fig.

46. All cases showed similar pattern of displacement distribution as shown in Fig. 47. When
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Fig. 47 Displacement distribution according to deposited width (W) and length (L)
(Deposition material: Inconel 718, substrate: AISI 1045)

0.7 -
0.6 -
0.5 -

04 1 — = W=6 mm
0z /J—/_-
= \W=8 mm

0.2 +
=—0—W=10 mm

Displacement
(mm)

0 : + |
10 20 30 40
Deposition length L (mm)

Fig. 48 Maximum displacement according to deposited width (W) and length (L)
(Deposition material: Inconel 718, substrate: AlSI 1045)

displacement is compared the higher dimensions contribute to higher maximum displacement as
shown on Fig. 48. The increase in width as well as increase in length contribute to greater. This
is due to increased force acting on substrate because larger force is acting on the part when bigger

region is deposited. The increase in length contribute to higher distortion.
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C. Thermo-Mechanical Characteristics of Inconel 718 Deposited
on AISI 1045 Substrate According to Deposited Height

1. Finite Element Models

In order to analyze the effects of deposited total of three different height of deposition were
selected. The selection was based on the number of layers. 6, 9 and 12 layers were selected for
the analysis of thin wall deposition. The purpose of the analysis is to evaluate the changes in
thermal stresses and displacement due to increased height of deposited bead. Table 10 shows
number of nodes and meshes.
All the models have same boundary conditions as shown in Fig 49, except the height of deposited
bead. Substrate dimensions and clamping conditions are same for all the models and heat loss
due to convection was considered from all surfaces except clamped region. Simple zig-zag

deposition strategy along the long side of the substrate was used for the analysis. The width of

===p Natural convection

===P» Forced convection
Q Fixed constraints

Fig. 49 Boundary conditions of FE models for analysis of the influence of height of
deposited wall (Deposition material: Inconel 718, substrate: AISI 1045)
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Table 10 Number of layers, nodes and elements according to height (H) of the wall
(Deposition material: Inconel 718, substrate: AlSI 1045)

H (mm) 1.385 2.135 2.885
Number of layers 6 9 12

Nodes (EA) 24,630 28,273 31,918

3D Elements (EA) 22,410 25,770 29,130

the wall is 3.5 mm or six beads in each layer.
The initial and ambient temperature was set to 20°C and total of 40 minutes cooling in

ambient environment was used for the analysis.

2. Results & Discussion

Cut through the mid-section of the models was used in order to analyze the inside residual
stress distribution as shown in Fig 50. The distribution pattern of effective stress is similar in all
three models. Deposited material has higher stresses closer to the top surface and lower surfaces
closer to substrate. However, the region very close to substrate has the highest stress
concentration. Which can be observed by evaluating planar stress distribution. Excessive
effective stress is under the edges of the deposited bead and maximum stress is at the corner of
deposited bead on top surface of the substrate. From planar stress distribution maximum stresses
can be found and evaluated. According to analysis results the maximum effective stress is lower
when more layers are deposited. This is due to heat input from upper layers increases the
temperature of the substrate causing stress relaxation. In addition, stress distribution results show
that overall stresses in the vicinity of deposited bead is lower with increasing number of layers.

Predicted results for the displacement are show in Fig. 51. The results show that higher
number of deposited layers contributes to greater displacement. This result is in line with the

residual stress results. Higher displacement facilitates lower residual stresses.
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Fig. 50 Effective stress distribution according to deposited height (Deposition material:
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Fig. 51 Influence of deposited height on displacement distribution and maximum
displacement (Deposition material: Inconel 718, substrate: AlISI 1045)
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The difference in displacement between 6 and 9 layers is greater than the difference between 9
and 12 layers. This is due to decreasing effect of deposition on substrate with increasing of
number of layers. With each additional layer heat is required to travel thicker material layer to
reach the substrate hence decreasing the influence on the stress and displacement. However, long
processing time can increase overall temperature of the substrate and give effect of stress and

displacement relaxation.

D. Thermo-Mechanical Characteristics of G6 Deposited on SCM
440 Substrate According to Deposited Height

1. Finite Element Models

In this analysis G6 material was selected as a powder and SCM 440 as a substrate material.
In order to investigate the effects of the height of deposited bead on the residual stress and
displacement 3 cases were selected with 6, 9 and 12 layers of deposited clad. Each layer consists
of 6 beads. Height of deposition clad and number of meshes and nodes is shown in Table 11.

Boundary conditions of FE models is shown in Fig 52. Fixed constraints are applied on one
side and heat loss due to natural convection was applied to all surfaces. In addition, forced
convection coefficient was applied on top surface during deposition process. The initial and

ambient temperatures were set to 20°C and free air cooling was applied for 40 minutes.

Table 11 Number of layers, nodes and elements according to height (H) of the wall
(Deposition material: G6, substrate: SCM 440)

H (mm) 3.625 5.5 7.375
Number of layers 6 9 12
Nodes (EA) 22,812 26,025 29,238
3D Elements (EA) 20,740 23,740 26,740
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Fig. 52 Boundary conditions of FE models for analysis of the influence of height of
deposited wall (Deposition material: Inconel G6, substrate: SCM 440)

2. Results & Discussion

In order to analyze internal thermal residual stress distribution section, cut through the center
was selected as shown in Fig. 53. The mid-section stresses can show how stresses are distributed
throughout the majority of the deposited part and substrate. Excessive stress concentration region
is located under deposited bead close to top surface of the substrate. High stresses are primarily
distributed inside substrate. Location of excessive stresses is slightly deeper with each additional
bead. The depth of maximum stresses is approximately 80 um from the top surface of the
substrate. Stress distribution is similar in all three cases. The distribution of stresses is
asymmetrical. The location of the maximum stress is same for all three cases. According to
predicted results the overall stresses as well as maximum effective stress is decreased with
increase of deposited layers. Stresses are significantly decreased between each case which can

be attributed to high energy input because heat from the deposition nozzle increases overall
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Fig. 53 Influence of deposition height on effective stress distribution (Deposition material:
Inconel G6, substrate: SCM 440)

temperature of the substrate and results in stress relaxation.

The displacement results are shown in Fig. 54. According to obtained results the displacement
is increasing with increasing the number of deposited layers. The rate of displacement increase
is lower with increasing of the height of deposition. The difference in maximum displacement
between 6 layers and 9 layers is 0.110 mm but only 0.024 mm between 9 layers and 12 layers

wall. This result show that increasing height of deposited clad the effect of energy and high
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Fig. 54 Influence of deposition height on displacement distribution and maximum
displacement (Deposition material: Inconel G6, substrate: SCM 440)

temperature input on substrate reduces. In addition, this result show that the lower stresses in

case of taller deposited clad resulted in increased displacement.

E. Thermo-Mechanical Characteristics of Inconel 718 Wall
Deposited on AISI 1045 Substrate by Proper Deposition
Pattern

1. Finite Element Models

In this analysis selected proper deposition pattern for Inconel 718 powder was used to deposit
thin wall. Boundary conditions of the analysis models are shown in Fig. 55. 9 layers deposition
analysis was selected for the analysis. The results are compared to 9 layers deposited by simple
zig-zag_X scanning pattern and this wall will be denoted farther in the text as zig-zag_X wall.
Similarly, to previous analysis, heat losses due to convection and radiation were estimated using

temperature dependent properties of materials and gases. Proper deposition pattern is based on
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Fig. 55 Boundary conditions of FE models for the evaluation of effects of proper deposition
strategy (Deposition material: Inconel Inconel 718, substrate: AISI 1045)

RZ-7 deposition pattern which has all odd number layers starting from the first deposited along

the short side of substrate and even layers are deposited along the long side of substrate. Wall

deposited by selected deposition pattern will be denoted farther as RZ-7 wall. For both cases the

deposited clad has exact same dimensions. The comparison is based on the residual stresses and

displacement results.

2. Results & Discussion

The predicted results of effective stress show change in stress distribution inside the deposited
wall as can be seen in Fig. 56. RZ-7 wall shows lower stresses closer to the surfaces of the build
material while zig-zag_X wall shows stresses distributed throughout the wall including the
outside surfaces. In order to evaluate maximum stresses planar stress distribution was
investigated. Excessive stress concentration shows in case of zig-zag_X wall shows stresses at
the edges between deposited wall and substrate. However, in case of RZ-7 wall excessive stresses

are more scattered and located under the layers deposited after contour bead. Surface stresses are
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Fig. 56 Comparison of effective stress results between RZ-7 and zig-zag_X walls
(Deposition material: Inconel Inconel 718, substrate: AISI 1045)
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Fig. 57 Comparison of 1% principal stress results between RZ-7 and zig-zag_X walls
(Deposition material: Inconel 718, substrate: AlSI 1045)

more dangerous because they can become the cause of crack propagation. The maximum

effective stress magnitude was reduced by 9.6 % when proper deposition path is applied as shown
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Fig. 58 Comparison of displacement results between RZ-7 and zig-zag_X walls (Deposition
material: Inconel 718, substrate: AlISI 1045)

in Fig. 56 (b). From this result it can be noted that proper deposition pattern can improve stress
distribution and reduce maximum stresses in the vicinity of deposited region.

The results for 1% principal stress is illustrated in Fig. 57. Stress distribution in mid-section
shows that stress concentration region is at the corners between wall and substrate. zig-zag_X
wall shows higher stresses along the surface inside the wall and RZ-7 shows higher stresses along
the top surface. Planar stress distribution was investigating to evaluate maximum stresses.
Excessive 1% principal stress concentration region is similar for both cases however proper
deposition pattern shows lower planar stresses and maximum first principal stress is reduced by
4.1% as illustrated on Fig. 57 (b).

The displacement results can be found on Fig. 58. The analysis results show upward
displacement at the unclamped side of the substrate for both cases. The selected strategy RZ-7
showed 7.9 % decrease in the maximum displacement compared to zig-zag_X wall by zig-zag
strategy, as can be seen on Fig. 58 (b). From this result it can be noted that the proper deposition
strategy can lower residual stress in the vicinity of deposited region as well as displacement in

the substrate.

-82-

Collection @ chosun



F. Thermo-Mechanical Characteristics of G6 Wall Deposited on
SCM 440 Substrate by Proper Deposition Pattern

1. Finite Element Models
Analysis of G6 powder deposition on SCM 440 resulted in minimum distortion when RZ-4

strategy is applied, hence this strategy was selected for farther analysis of wall deposition. Total

4+— Fixed constraints "\<A— Natural convection

0dd layers

Even layers |

I 20 mm mm |

Fig. 59 Boundary conditions of FE models for the evaluation of effects of proper deposition
strategy (Deposition material: G6, substrate: SCM 440)
of 9 layers were deposited with the height of 5.5 mm as shown in Fig. 59. Boundary conditions
and deposition strategy are shown in Fig. 59. RZ-4 deposition pattern consists of odd layers
deposited along the length and even layers along the width of the substrate. Post process thermo-
mechanical characteristics by RZ-4 strategy is compared to simple zig-zag in x direction pattern
for deposition of multi-bead 9 layer wall. Wall deposited by zig-zag strategy will be denoted
farther as zig-zag_X wall and wall by selected strategy is denoted as RZ-4 wall. Same boundary

conditions such as clamping, dimensions of substrate and bead are used. Heat losses were
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Fig. 60 Comparison of the effective stress results between RZ-4 wall and zig-zag_X walls
(Deposition material: G6, substrate: SCM 440)
estimated using temperature dependent properties of Ar and Air. Results are compared in terms

of residual stress and displacement.

2. Results & Discussion

Fig 60 shows analysis results for effective stress distribution for two walls. According to
predicted results deposition of zig-zag_X wall showed asymmetrical stress distribution. Stress
magnitude is varying greatly throughout the model. RZ-4 wall on the other hand showed
symmetrical and uniformly distributed stress in cross-section through the mid-section. In order

to evaluate maximum stresses due to deposition process planar effective stress distribution is
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Fig. 61 Comparison of 1%t principal stress results between RZ-4 wall and zig-zag_X wall
(Deposition material: G6, substrate: SCM 440)

evaluated as shown in Fig 60 (a). The depth of excessive residual stresses is approximately 80
um. RZ-4 wall showed uniform effective stress distribution with two axis symmetry. zig-zag_X
wall, however, showed asymmetric stress distribution with highly concentrated stress on one side
of the substrate. Reduction of maximum residual stress by 8.2 % was obtained due to RZ-4
deposition strategy as shown in Fig. 60 (b).

Results of the analysis for 1%t principal stress are shown in Fig. 61 Similarly to effective stress,
15t principal stress distribution in cross section cut through the center shows asymmetrical
distribution for zig-zag_X wall and symmetrical distribution in case of RZ-4 wall as can be
observed form Fig 61 (a). Evaluation of maximum stresses and excessively concentrated stress
region is accomplished through investigation of planar stress distribution which is approximately

80 um deep. RZ-4 wall showed more symmetrical stress distribution compared to zig-zag_X
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Fig. 62 Comparison of displacement results between RZ-4 wall and 9 layers wall
(Deposition material: G6, substrate: SCM 440)

wall. Maximum 1%t principal stress was reduced by 11.2 % when proper deposition strategy is
applied, as can be seen on Fig. 61 (b).

Displacement distribution and maximum displacement are shown in Fig. 62. Upward
displacement in both cases can be observed. Maximum displacement is at the free end of the
substrate. When maximum displacement is compared selected deposition pattern showed 13.8%
increase in maximum displacement as shown in Fig 62 (b).

From the results of above post process thermos-mechanical characteristics evaluation it can
be noted that selected deposition path can reduce effective and 1% principal stress but failed to
control the displacement. Thus deposition of G6 powder on SCM 440 substrate requires farther

evaluation.
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V. CONCLUSION & FUTURE WORKS

Effects of deposition strategies on thermo-mechanical characteristics of Inconel 718
deposited on AISI 1045 and G6 deposited on SCM 440 substrate were investigated. It was
revealed in this work that deposition path has significant influence on residual stress distribution
as well as effects on displacement and distortion. According to the results of the analysis
excessive stress concentration region is under deposited area near the top surface of substrate in
case of Inconel 718 and AISI 1045 and at a depth of around 80 um in case of G6 and SCM440.
Zig-zag deposition strategies showed better uniformity and symmetry of stress compared to
raster deposition strategies. Contour bead significantly reduced maximum stresses in all cases of
deposition and RZ-3 in case of Inconel 718 deposition and RZ-4 in case of G6 deposition showed
low maximum 1% principal stress, low distortion and uniform stress distribution hence they are
selected as proper deposition patterns.

Thermo-mechanical analysis according to the shape of deposited bead were investigated.
Three different width and three different length for each width were selected for analysis of 3
layers deposition. According to predicted results, the effect of increased width and length of
deposition does not have significant effect on residual stress distribution and maximum stresses
however the major trend is showing slight decrease in stresses with larger area of deposition.
According to deposition area displacement is increased with increasing area of deposition bead
and increasing height of deposition bead results in lower residual stress but higher displacement.
Residual stresses are not affected by the shape of deposited clad. Deposition of Inconel 718 by
the RZ-7 strategy resulted in reduced effective and 1% principal stresses as well as displacement.
Deposition of wall by G6 powder using the RZ-4 strategy resulted in reduced effective and 1%
principal stress, however, significantly increased displacement. Possible reasons for different
behavior of G6 deposited on SCM 440 can be difference in thermos-physical material properties.

Another factor is the difference in characteristic dimensions of deposited bead and different
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parameters of deposition nozzle such as laser power, scanning speed and shield gas flow rate.
For the future works additional scanning pattern are to be investigated. In this study the
starting point for each layer in each case study was the same but starting each layer with different
starting point can have significant effect on post process thermo-mechanical characteristics of
deposited material and substrate. In addition, effects of material properties should be investigated.
As the next step, other process parameters combined with deposition strategies can be

investigated including scan speed, laser power, powder flow rate and etc.
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