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Preface

Freedoms in material choice based on combinatorial design, different directions of process
optimization, and computational tools are a significant advantage of additive manufactur-
ing technology. The combination of additive and information technologies enables rapid
prototyping and rapid manufacturing models on the design stage, thereby significantly ac-
celerating the design cycle in mechanical engineering. Modern and high-demand powder
bed fusion and directed energy deposition methods allow obtaining functional complex
shapes and functionally graded structures. Specificity of the thermal cycle with a high-cool-
ing rate under laser influence on powder materials is favorable for the creation of strength-
ened materials, potentially having improved mechanical properties. Unfortunately, this
advantage is not always realized due to the residual porosity, partial delamination, crack-
ing, uneven distribution of strengthening phases, and other possible defects.Until now, the
experimental parametric analysis remains as the main method during AM optimization.
Small spatial and temporal scales of the processes do not allow analyzing in detail how the
separate powder particles are transformed into a solid state. Due to limited experimental
data, which are often a mix of physical processes that cannot be examined separately, it is
not always possible to assess trends properly and achieve optimal results quickly. Numeri-
cal modeling is able to recover the missing data from the experiment and give additional
assessments that are required for optimization. An additional goal of this book is to intro-
duce readers to new modeling and material’s optimization approaches in the rapidly chang-
ing world of additive manufacturing of high-performance metals and alloys.

The book is outlined in six chapters. The introductory chapter is to designate for the readers
of this monograph the vector of development of two important approaches—the material
genome initiative and the methodology for rapid alloy prototyping (i.e., accelerated devel-
opment and testing of new alloys) based on the combination of additive manufacturing
technologies and methods of combinatorial design.

Chapter 1 devotes to a very interesting predictive multiscale model based on a cellular au-
tomaton —finite element method has been developed to simulate thermal history and micro-
structure evolution during metal solidification for direct metal deposition process. Chapter 2
introduces the readers to thermomechanical simulations of the process of 3D additive plas-
ma deposition of wire materials. Chapter 3 presents the theory and technology optimization
for manufacturing large-sized products, which is the additive technology of high-speed di-
rect laser deposition. Chapter 4 covers the parameter-property relation during selective laser
sintering or melting of promising oxide ceramics. Chapter 5 discusses the powder bed fu-
sion optimization for proper item placement, structure, and properties of the bulk standard
samples, including cellular energy absorbers.
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Introductory Chapter: Genome of Material for
Combinatorial Design and Prototyping of Alloys
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1. Material genome: New paradigm of additive manufacturing

Materials present an integral part of the additive technology (AT). The key task in creation
and processing of new materials for the AT is to expand the range of such materials (including
through mixing/alloying/modeling of composites), to improve their quality, to increase the
additive process stability, reproducibility and reliability, including by using multimaterial
powdered systems, while maintaining a low cost of materials, the process of their manufac-
turing and pre- and/or post-processing.

However, the development of the AT components (i.e., technologies and equipment for the
powdered material manufacturing, 3D part synthesis and subsequent post-processing) with-
out a concurrent improvement of the accompanying directions does not allow obtaining the
maximum effect. The conventional cycle of the development of new materials for the additive
manufacturing (AM) transition needs a revision.

In2011, the administration of President Obama presented two breakthroughinitiatives, “MGI —
Material Genome Initiative for Global Competitiveness” and “AMP— Advanced Manufacturing
Partnership,” prepared by the USA National Council for Science and Technology [1, 2]. In the
AT literature, the second initiative is mostly mentioned. Indeed, the AMP allowed the launch
of a number of projects in the USA: America Makes—National Additive Manufacturing
Innovation Institute (NAMII); Lightweight and Modern Metals Manufacturing Innovation
(LM3I) Institute; Digital Manufacturing and Design Innovation (DMDI) Institute [3-5].
Nevertheless, the MGl initiative is no less significant. In fact, it is a set of tools that implement
the iterative concept of the new material development, which allows reducing of the resource
intensity (time and cost) of the material science cycle by 50% [1]. The essence of the concept
consists of a continuous exchange of information at different stages of the development of

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIEN
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new materials, not only within a single subject area (e.g., structural or functional materials),
but for all the types of materials (Figure 1).

Along with the “America Makes” additive community [3], a self-regulating society has been
formed in the United States that consolidates scientists engaged in the development and com-
mercialization of new materials based on the MGI concept [1]. The accumulation of informa-
tion (Big Data (BD)), presentation of tools for their use and creation of other tools provide a
transition from quantity to quality. The principles of open architecture provide the concen-
tration of new ideas in the MGI community. The use of block-chain technologies [6] allows
ensuring of the MGI implementation under the BD using, provides the data management,
guarantees their reliability and significantly improves quality due to the internal certification
of future 3D AM parts.

The traditional cycle of the new material fabrication includes the following stages: (1) devel-
opment of the material composition; (2) optimization of the material properties; (3) design of
products from the material, including manufacturing techniques; (4) testing and certification
of the material; (5) commercialization of the material.

The iterative cycle proposed within the framework of the MGI concept allows to combine
separate stages in different directions so that to accelerate the achievement of the results (see
Figure 1). In particular, the information about materials, about the AM processes and optimal
regimes for the 3D parts fabrication is subject to association. On the other hand, the spatial
and temporal scalability of modern methods of computational materials science should be
combined with the experimental results under the searching of optimal AM regimes, that is,
should find the experimental confirmation.

m i Mm .

Figure 1. Additive manufacturing via material genome route.
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The MGI concept emergence became possible due to the advanced achievements in the infor-
mation technologies (IT) over the past 10 years, namely, due to the cost reduction of the infor-
mation transmission and storage, increase of the speed of transmission and processing of the
information. Priority MGI trends in the AM applications are

¢ optimization of the development technologies for the complex high-dimensional phase
spaces;

¢ effective methods for the experimental data analysis in order to determine the relationship
between properties of different levels (e.g., between microstructure, chemical composition,
processing and volume properties);

* fundamental properties of the materials behavior;

¢ tools for experimental data analyzing and the relationship between the experimental data
and predictive modeling;

e revision of theories, modification and updating of the developed models and methods,
realization of new experiments, caused by the discrepancy between the theory and new
experimental data and modeling.

The MGI approaches erase boundaries between a wide range of materials both in the areas
where numerical methods are already in use—structural materials, including composites,
and also in the areas where they are still weakly used, for instance for soft materials (oligo-
mers, polymers, 3D inks-jet, powders, wires, etc.).

The essence of the approaches used in MGI can be understood on the basis of the MGI
Principal Investigator Meeting projects of the first and second wave conducted in the USA in
2015-2016 [7, 8].

2. MGI in high-performance metals and alloys

The MGI approaches are actively applied both in the development of structural materials
and for manufacturing technologies. Depending on the property being modeled, object and
process, the following levels are distinguished: atomic, micro, meso- and macrolevels, and
the conditional size ranges are <A-nm, nm-pm, pm-mm, >mm, respectively. For each level,
certain modeling methods are characteristic.

Atomic modeling is widely used in developing new materials and predicting their features.
Here, the numerical molecular dynamics models as well as the density functional theory are
used.

At the micro level, the data on the phase stability are determined as the input data for thermo-
dynamic models used to calculate the phase diagrams and crystallization points.

The problems solved by meso-level modeling lie on the border of micro- and macrolevels.
There is practically no commercial software for meso-level modeling, still a large number
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of user subprograms have been developed that extend the resource of standard computing
packages. For this, the computational methods are used such as the phase field model, dis-
crete dislocation dynamics, physical plasticity theory, and so on.

At the macrolevel, the problems of mechanics of continua are solved by using the finite ele-
ments methods (FEM) and finite differences method (FDM). Recently, an actively developed
approach is that involving the creation of structural and multi-physical models based on the
FEM [9].

It is obvious that the possibilities for the MGI use should most clearly reveal themselves in the
AT, since in fact these technologies are digital manufacturing. The technologies of direct and
layerwise laser additive manufacturing (LAM) make it possible to obtain products with direc-
tional anisotropy due to their ability to control the laser beam trajectory during fusion and to
determine technological parameters such as laser beam diameter, linear energy density and
scanning geometry. The 3D part fabrication with the areas differing by their characteristics
depending on the local loading conditions becomes possible through the use of technologies
of a direct laser deposition (DLD). The ability to design the topology of the macrostructure
of the synthesized material is one of the main advantages of the AT in the framework of the
concept for generating of smart materials. At the same time, the fused particles arrangement
and their size are largely stochastic, thus leading to the material structural heterogeneity and
the emergence of defects in the form of residual porosity. In addition, despite the application
of the technique of the repeated remelting of the surface layer, the resulting roughness does
not meet the engineering requirements. In this connection, there exist the following wide-
spread post-processing methods for the synthesized parts that are divided into two types
of technologies—volume effect technologies (hot isostatic pressing (HIP) and surface effect
technologies)—that include finishing mechanical (or abrasive) treatment, electrophysical and
electrochemical techniques, methods for surface layer modification. A particular attention
should be paid here to the methods for predicting of the finished parts properties, taking into
account their heterogeneity, as well as to the methods for correction of these properties, for
example, by modifying the surface layer of products.

The development and use of the MGI methods in the AT design will improve the predicting
accuracy of the material properties and of the surface layer of the parts after modification.
The influence on the texture and structure will allow to form the properties of finished parts,
not only in the obvious area of the surface layer microhardness increase, but also in providing
an enhanced corrosion and erosion resistance; and crack resistance owing to the formation of
compression stresses.

The Material Genome Initiative (MGI) offers a paradigm that perfectly matches the AM needs.
The MCI is built on the base of the search of specific materials that ensure the generation of
different final properties via using different processes. It connects multiple scales, from quan-
tum and atomistic to molecular mechanics and derived potentials, mesoscale (nanometer)
methods and, finally, continuum methods. The characteristics and effects of the process play
an integral role in the material genome (MG). A similar approach for combining the scales
and methods is suitable for the AM. In the AM, the material microstructure can be adapted to
the specific requirements and needs, thus providing wide possibilities for the material design.
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For AT, the problems of certification and safety of the used powder materials and the received
3D products are especially relevant, since these products can work in the important mecha-
nisms of perspective modern cars, aircrafts or missiles. Therefore, the developed approaches
for the selection and storage of the data on materials and/or processes are of an extreme neces-
sity. The monitoring of the storage conditions of all the data, codes, and discussions with
graphically attached persistent identifiers, along with the low maintenance costs, is funda-
mental to the continuous and efficient complex operation of the whole platform.

The digital recording of code and data transformations that occur among users of the plat-
form during their cooperative work provides new rich opportunities capable of improving the
integration and operational process in all directions (including research, education, authentic
knowledge transfer, manufacturing and product life cycle).

3. Combinatorial design of alloys for AM

A wide range of the AM materials and processes requires extensive researches and determina-
tion of the “process-structure-properties” relationships. For fabrication of unique structures that
do not exist in nature or reproduce its best manifestations (e.g., the parts with a negative coeffi-
cient of thermal expansion or optical transmission), of metamaterials, biomimetic structures and
surfaces, the problems of using the unique AT resource are of no less interest. Besides, one should
also realize the AT applicability for the manufacturing of materials with multilevel hierarchical
functionality on nano-, micro- and mesoscales, up to the development of the 3D-printing tools
for fabrication of atom-by-atom structures and construction of additive nanofabricators [10].

The 3D combinatorial metallurgical method, called a “Rapid Alloy Prototyping” (RAP), has been
recently proposed by Prof. D. Raabe with coworkers [11] and showed a successful testing on
Twinning-Induced Plasticity (TWIP) steels with reduced density [12, 13], high-entropy alloys
[14-16], intermetallic alloys [17, 18], high-strength martensitic [19, 20] and high-modulus
steels [21]. It includes semicontinuous high-performance fabrication of the 3D parts, their heat
treatment, preparation to testing, allowing to synthesize and test up to 45 material parameters
within 35 h [11].

The ideas of the LAM use for fabrication of both functional and gradient alloys (FG) have been
discussed for a long time [22-24]. However, in the combinatorial design of alloys by the RAP
method, the LAM use provides a number of additional advantages.

First, a specific thermal regime is realized throughout the metallurgical process [25, 26]: the
temperature-time profile for the samples obtained by LAM methods is rather different from
those observed in a typical metallurgical manufacturing. Under layer-by-layer (3D) laser clad-
ding, the powder material is quenched after the melting and crystallized at high speeds due
to a rapid heat removal to the substrate. With the overlay of each following layer during the
subsequent layers cladding, the consolidated material is repeatedly heated and even melted
partially by a laser beam [25, 26]. This means that the materials produced by the LAM are sub-
jected to a series of consecutive short-pulse temperature cycles of a decreasing intensity [25, 27].
Such cyclic heat treatment can also be used for controlling of solid-phase transformations in
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the material after the cladding. This is favorable for structural steels and super-alloys where
the strength, toughness and hardness are ensured by the dispersion hardening also [17].

The second advantage of the LAM use for combinatorial development of high-performance
alloys is that a rapid melting and solidification occur locally, within a small volume [25, 26].
This allows working with the materials that are not melting or hardly melting in an ingot,
for example, oxide-strengthened alloys, or materials containing components in the amount
exceeding the solubility limit in the solid solution. Typical cooling rates for the LAM are from
10° to 10° K/s [25, 26]. These high cooling speeds lead to a rapid solidification of the melt, cre-
ation of a finely dispersed structure that increases plasticity, in contrast to the coarse-grained
cast structure obtained by a continuous casting [25, 27]. This proves that the LAM can serve
not only as an instrument for combinatorial alloy modeling, but also ensures a qualitative
expansion of options for the additive manufacturing (AM).

Third, some LAM methods are “self-adapted” for the RAP, that is, they quickly outline suit-
able series of applicable compositions, which is explained by the peculiarities of powder met-
allurgy as a production process [10, 25, 26].

For the RAP purposes, from the whole scope of the AT variety, layer-by-layer selective laser
melting (SLM) or laser metal deposition (LMD) techniques can be recommended [28]. The
latter is sometimes also referred to as 3D-laser-cladding (or direct metal deposition—DMD)
& Laser Engineered Net Shaping (LENS). Thus, all the above said characterizes the LAM as a
highly effective technology for the fast study and development of new alloys and the 3D part
manufacturing on their basis.

4, Conclusion

The aim of this introductory chapter is to designate for the readers of this monograph the
vector of development of these two approaches—the MGI and the newest methodology for
rapid alloy prototyping (i.e., accelerated development and testing of new alloys) based on the
combination of LAM technologies and methods of combinatorial design. The presentation
pursued three goals:

¢ the first goal was to represent the efficiency of the combination of these two approaches for
accelerated manufacturing (i.e.,, RAP) and study of the alloy versions;

¢ the second goal was to determine the compositions of the selected composite alloys, pro-
viding improved properties in comparison with the existing analogues;

¢ the third goal was to determine and demonstrate the possibility (in-situ, i.e., on-site) of
obtaining metal parts with a pre-specified heterogeneity of microstructure and properties.

The last goal is the most significant for high-performance structural alloys, since the products
made of them often must combine a high hardness of the surface layer with a softer and vis-
cous core. The LAM is obviously a technology that is most fitted for a systematic study of all
these aspects and provides the possibility of creating complex parts based on digital models
using the selected powder compositions. It was noted that:
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1. The new concept, Material Genome, allows consolidating the efforts aimed to develop
such directions as “new materials,” “computer technologies for modeling and production
of parts” and “additive manufacturing” by providing a single tool that helps to achieve
breakthrough results by applying new methods and approaches.

2. The DMD and SLM are suitable for obtaining of 3D samples with a constant or variable
composition of the material and can be used for combinatorial design and development of
new alloys. The LAM allows the creation of compositionally piecewise-continuous gradi-
ent materials and obtainment in situ of new alloys that are not necessarily made from pre-
prepared metal powders and is an effective tool for the rapid development of a new alloy.
An additional advantage of the DMD in comparison with the SLM in the context of com-
binatorial metallurgical synthesis is high cladding rates and large dimensions of 3D parts,
which are not limited by the dimensions of the synthesis chamber in the SLM installation.

3. Equally important is the possibility to obtain with the aid of the LAM, compositions and
microstructures of alloys that are not available for traditional technologies. This princi-
ple feature can be used as a goal of combinatorial development of unique alloys for the
LAM. It should also be noted that with the DMD, a gradient sample comprising parts from
different alloys can be subjected to the HIP (post-treatment) and further research of the
alloys that are changing in their composition from the viewpoint of their behavior during
the thermo-mechanical treatment.
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Abstract

In this chapter, a predictive multiscale model based on a cellular automaton (CA)-finite
element (FE) method has been developed to simulate thermal history and microstructure
evolution during metal solidification for direct metal deposition (DMD) process. The mac-
roscopic FE calculation that is validated by the thermocouple experiment is developed to
simulate the transient temperature field and cooling rate of single layer and multiple layers.
In order to integrate the different scales, a CA-FE coupled model is developed to combine
with thermal history and simulate grain growth. In the mesoscopic CA model, heteroge-
neous nucleation sites, grain growth orientation and rate, epitaxial growth, remelting of
preexisting grains, metal addition, grain competitive growth and columnar to equiaxed
phenomena are simulated. The CA model is able to show the entrapment of neighboring
cells and the relationship between undercooling and the grain growth rate. The model
predicts the grain size and morphological evolution during the solidification phase of the
deposition process. The developed “decentered polygon” growth algorithm is appropriate
for the nonuniform temperature field. Finally, the single- and multiple-layer DMD experi-
ments are conducted to validate the characteristics of grain features in the simulation.

Keywords: finite element, cellular automata, grain morphology, direct metal deposition,
thermal modeling

1. Introduction

Compared with the conventional subtractive manufacturing technologies, additive manufactur-
ing(AM)hasuniqueadvantagesincludinglowheatinput,smallheat-affected zone,solid-free-form
fabrication, near-net-shape and so on. Direct metal deposition (DMD), a rapid developing AM
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technique, is able to manufacture a fully dense metal part without intermediate steps, which
is especially appropriate for the heterogeneous components manufacturing. During the depo-
sition process, solidification thermodynamics determined by a series of process parameters
affect microstructure evolution, which directly affects materials’ mechanical properties. The
temperature field history and the cooling rate are the key factors to control the solidification
microstructure after DMD process [1]. Several approaches, including stochastic and deter-
ministic, have been taken to model solidification microstructure evolution. Anderson and
Srolovitz et al. [2, 3] developed a Monte Carlo (MC) stochastic method to simulate the grain
growth, grain size distribution, curvature and growth rate as well as their interrelationships.
Saito and Enomoto [4] incorporated the anisotropy of the grain boundary energy, the pinning
effect of precipitates on growth kinetics into the MC simulation. Another idea of modeling
is the deterministic approach. Chen [5] investigated a phase field (PF) method to model and
to predict the mesoscale morphological and microstructure evolution in materials. C.E. Krill
III, Bottger B, and Moelans N et al. [6-8] developed PF to simulate 2D grain growth, 3D grain
growth and equiaxed solidification. However, a phase field model usually carries a very high
computational cost because of a requirement for a particularly fine computational grid.

In order to reduce the computational cost, Rappaz and Gandin [9] put forward a 2D cellular
automaton approach to model the grain structure formation in the solidification process. The
model includes the mechanisms of heterogeneous nucleation and grain growth during the
casting process. Nucleation occurring at the solid/liquid interface and the liquid bulk is treated
by using different nucleation sites preference. The crystallographic orientation and locations
of the grains are randomly selected among a certain number of orientation classes and mil-
lions of CA cells, respectively. However, the model was only applied to uniform temperature
field. In order to develop the nonuniform temperature prediction, Gandin and Rappaz [10]
proposed a 2D cellular automaton (CA) technique for the simulation of grain formation dur-
ing solidification. The nonuniform temperature situation was fully coupled to finite element
(FE) heat flow calculation with enthalpy. This progress made it possible to combine the tem-
perature field history with the microstructure evolution. The coupled CA-FE model is applied
to A1-7 wt% Si alloy. A 3D CA-FE model was analyzed for the prediction of dendritic grain
structures formed during solidification [11]. The potentiality of the CA-FE model is demon-
strated through the predictions of typical grain structures formed during the investment cast-
ing and continuous casting processes. Based on the features of several developing approaches,
Choudhury et al. [12] compared a CA model with a PF model for dendritic solidification of an
Al-4 wt%Cu alloy, 2D and 3D at different undercooling conditions. In 2D case, there is a very
good agreement of the simulated tip properties. At high undercooling, the CA model becomes
more favorable, as its reproduction of the theoretical behavior is improved. Since the CA
model can simulate at coarse scales during a relatively short time, its output can be employed
as the input for a PF simulation in order to resolve finer details of microstructure formation
within grains. This can be utilized to build a hybrid model to integrate CA high efficiency and
PF accuracy. Dore [13] investigated quantitative prediction of microsegregation during solidi-
fication of the ternary alloy system, which is applied to solidification of AI-Mg-Si. Jarvis et al.
[14] firstly compared 1D, 2D and 3D cellular automaton finite difference (CA-FD) simulations
of nonequilibrium solidification in Al-3.95Cu-0.8Mg ternary alloy. It has been demonstrated
that there is a good agreement between all the CA-FD models in terms of primary a-Al phase.
However, final dendrite arm spacings of 2D and 3D are slightly overestimated.
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High cooling rate and nonequilibrium are typical characteristics of the DMD technique comparing
conventional casting process and simulation. Grujicic et al. [15] proposed a modified CA-based
method to investigate the evolution of solidification grain microstructure during the LENS rapid
fabrication process. This research established the relationship between the process parameters
(e.g., laser power, laser velocity) and solidification microstructure in binary metallic alloy. The
finite difference analysis was also coupled with the modified CA to calculate the temperature
field as the input of microstructure prediction. Kelly and Kampe [16, 17] developed the ther-
mal history in DMD of Ti6Al4V and microstructural characterization. Nie et al. [18] developed
a multiscale model to simulate microstructure evolution during laser additive manufacturing
solidification. The study presented the relationship between the solidification conditions and the
resultant microstructure, especially Laves phase particles in Ni-based superalloy. Rodgers et al.
[19] proposed a 2D mesoscale model to simulate grain structure near a moving heat source with
kinetic Monte Carlo simulator during electric beam melting (EBM) process. The method is capa-
ble of simulating both singlepass and multipass welds grain morphology. It also investigates the
influence of initial substrate grain size on HAZ and FZ grain shape and size. Rai et al. [20] coupled
a lattice Boltzmann (LB) and cellular automaton (CA) to simulate the microstructure evolution
during electron beam melting. Initial grain selection at the base plate, grain boundary perturba-
tion, grain nucleation due to unmolten powder particles in the bulk, grain penetration can all be
simulated. The influence of process parameters on the final grain structure and texture evolution
is analyzed. Keller et al. [21] investigated aspects of microstructure and microsegregation during
rapid solidification in a laser powder bed fusion additive manufacturing process. Finite element
analysis is employed to simulate the laser melt pool and temperature field. Microsegregation
between dendritic arms is calculated by using the Scheil-Gulliver solidification model and
DICTRA software. Phase field is developed to produce microstructures with primary cellular/
dendritic arm spacing. However, there are few investigations on microstructure evolution predic-
tion based on substrate and fusion zone during DMD process. Compared to other powder bed
additive manufacturing process, there is different thermal cycle and the cooling rates for DMD
process, which results in different microstructure. This part-level simulation on microstructure is
critical because it provides the foundation for the prediction and control of mechanical properties.

CA simulation is appropriate for mesoscale modeling of grain structure because it does not
consider much details inside a specific grain such as secondary dendritic arm spacing (SDAS)
and microsegregation. Since it belongs to mesoscale model and does not cost as much com-
putational resources as other microscale models, such as phase field and molecular dynamic,
these characteristics of CA model make it appropriate for simulating the part-level grain struc-
ture instead of a very small region including less than a hundred grains. Thus, it can be used to
predict and control the mechanical properties of the whole part based on the part-level grain
structure under different parameters. Molecular dynamic (MD) simulation of microstruc-
tural evolution during additive manufacturing [22] is focused on a microscalability, which is
between nanometer and micrometer. MD simulation can provide a method to investigate the
crystallization process within the HAZ and clarify its crystallization mechanism because it is
difficult to observe directly the crystallization process in the HAZ during the cyclic heating
and cooling process. Even though MD can investigate microstructure evolution on a molecu-
lar level, it will cost too much resource to simulate the whole part structure and properties. PF
model [21, 23], a microscopic one, can be used to simulate the solute concentration and phase
transformation by solving the potential equation. The coefficients in the evolution equation

13
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of phase-field variables are related to the material parameters so that it can quantitatively
simulate grain growth within a finer scale compared to CA and MC. Lattice Boltzmann (LB)
method is adopted to numerically simulate the solute transport within the melt pool domain
because it is appropriate for the complex geometry shape and is built from the temporal and
spatial discretized grid, avoiding solving macroscopic N-S equations. The computational
domain is discretized into regular lattices with the same cell size as the CA model. The gov-
erning equation and boundary conditions for transport process are described in detail in Refs.
[24-27]. The comparison of AM microstructure simulation methods is shown in Table 1. The
current CAFE model can be used to consider multiple components if it considers the solute
concentration and there is no chemical reaction and intermetallic phase formation during the
solidification process. However, it is not capable of determining the mechanical properties

directly if it is not incorporated with other models such as Hall-Petch model.

Methods Advantages Limitations
Cellular ¢ Coupled prediction of thermal history and * No HAZ grain evolution
automaton grain structure

Monte Carlo

Phase field

Lattice Boltzmann

Predicts microstructure with multiple heat
source passes

Including crystallographic orientation and
texture

Relatively low computational cost

Predicts 3D microstructures with hundreds of
heat source passes

Microstructure evolution within fusion zone
and HAZ

Included in the open source code

Available subgrain features

Including solute concentration and phase
transformation

Material parameters related to phase-field
variables

Allows for coupled thermos-fluid and micro-
structure evolution on same lattice

Including crystallographic orientation and
texture

Appropriate for the complex geometry shape

No need to solve macroscopic N-S equations

* Unavailable open source code

* Lack of grain substructure

o Idealized molten zone

* No direct coupling of thermal and
microstructural models

* Does not incorporate material texture or
anisotropy.

* High computational cost
* Small computational domain

* Solving complex potential equations

¢ Unstable solutions for many regimes

* No solid-state grain evolution after
solidification

¢ Unavailable open source code

Molecular ¢ Explain crystallization mechanism ¢ Costs too much computational resource
dynamics ¢ Simulating microstructure within HAZ * Very small computational region
Empirical ¢ Estimates microstructural features over large * Does not provide microstructure for
microstructure parts further analysis.

models

Allows extension of preexisting thermal
models.

* Requires estimation of thermal
condition.

Table 1. Comparison of AM microstructure simulation methods.
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Pre-mixed powder

Figure 1. Laser powder deposition schematic.

In this study, a predictive multiscale model based on a cellular automaton (CA)-finite ele-
ment (FE) method has been developed to simulate thermal history and microstructure evo-
lution during metal solidification for a laser-based additive manufacturing process shown
in Figure 1. ABAQUS was used to calculate the temperature field of the whole part, which
offers the macroscopic FE nodes’ temperature. In order to integrate the different scales, a cou-
pled model is developed to combine with thermal history and simulate nucleation site, grain
growth orientation and rate, epitaxial growth of new grains, remelting of preexisting grains,
metal addition and grain competitive growth. Interpolation was utilized to obtain the finer
nodes’ temperature based on the FE nodes result. The temperature field was validated by the
type K thermocouples. The CA model, which was able to show the entrapment of neighboring
cells and the relationship between undercooling and the grain growth rate, was built to simu-
late the microstructure information such as the grain size and columnar grain orientation. The
developed “decentered polygon” algorithm is more appropriate for grain structure develop-
ment in the highly nonuniform temperature field. This simulation will lead to new knowledge
that simulates the grain structure development of single- and multiple-layer deposition dur-
ing DMD process. The microstructure simulation results were validated by the experiment.
The model parameters for the simulations were based on Ti-6Al-4V material (Figure 1).

2. Mathematical model

2.1. Ti6Al4V transient temperature field during the deposition process

In the direct metal deposition (DMD) process, the temperature history of the whole domain
directly influences the deposition microstructure, which is critical to mechanical properties
[28]. In order to obtain the microstructure information during the solidification process, the
temperature field must be known at each time step. The transient temperature field throughout
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the domain was obtained by solving the 3D heat conduction Eq. (1), in the substrate, along
with the appropriate initial and boundary conditions [29].

p(D ¢ -5t = T(KD )+ (kD) + (kD F) +0Q, (1)

where T is the temperature, p(D is the density, c (D is the specific heat, k(D) is the heat con-
ductivity and Q is the internal heat generation following certain energy distribution per unit
volume.

The initial conditions applied to solve Eq. (1) were:
T(x,y,2,0) = Tjand T(x,y, z,%) = T, (2)

where T is the ambient temperature. In this study, T, was set as room temperature, 298 K. The
boundary conditions, including thermal convection and radiation, are described by Newton’s
law of cooling and the Stefan-Boltzmann law, respectively. The laser heating source term, Q in
Eq. (1), was also considered in the boundary conditions as a surface heat source. The bound-
ary conditions then could be expressed as [29]

[Fh(T-T)-eMo(T-TY)]| T ¢ A

KAT-n)|, = , ©)

[Q-R(T-T)-eMo(T*-Ty]| T € A

where k, T, T, and Q bear their previous definitions, n is the normal vector of the surface, h
is the heat convection coefficient, £(T) is the emissivity, o is the Stefan-Boltzmann constant,
which is 5.6704 x 10* W/m?K*, I represents the surfaces of the work piece and A denotes the sur-
face area irradiated by the Gaussian laser beam.

In order to simulate the thermal history during the direct metal deposition more efficiently
and reduce the computational cost, some assumptions were taken into account. In the experi-
ment, a Gaussian distributed laser beam was utilized to melt the substrate vertically with a
nonuniform power density [30]. Thus, the transverse intensity variation is described as Eq. (4):

P 2
I(I‘, y) = O(W exp (-2 W), (4)

where « is the laser absorption coefficient, P is the power of the continuous laser and wyy) is
the distance from the beam axis where the optical intensity drops to 1/e*(= 13.5%) of the value
on the beam axis. a was set as 0.4 based on numerical experiments in the LAMP laboratory
and wy) is 1 mm in this simulation. The motion of laser beam was simulated by adjusting the
position of beam center R with programming a user subroutine “DFLUX” in ABAQUS. The
formula of R is as follows:

R = [(x=["udt) + (y- [ vdt) + (2= [ wdt)] ", (5)

0
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where x, y and z are the spatial coordinates of the Gaussian laser beam center, and u, v and w
are the laser moving velocities.

The Marangoni effect caused by the thermocapillary phenomena can directly influence the
temperature field in the whole domain, so it is considered to obtain more accurate thermal
history during DMD [31]. The artificial thermal conductivity was put forward to address the
Marangoni effect in the finite element method [32]

KD, T<T,
K@=\ 256D, T > T, ©

where k_is the modified thermal conductivity and T_is the liquidus temperature.

In the FEA model, the powder addition was simulated by activating elements in many small steps
[33]. The width of the deposit area is assumed to be the same as the Gaussian laser beam. The
thickness of each layer is calculated by transverse speed, powder feed rate and powder absorption
efficiency. The deposit geometry, boundary condition and heat flux were updated after each step.

2.2. Ti6Al4V morphology prediction after solidification

Heterogeneous nucleation occurs nearly instantaneously at a characteristic undercooling. The
locations and crystallographic orientation of the new nuclei are randomly chosen at the sur-
face or in the liquid. As explained by Oldfield [34], the continuous nucleation distribution,
dn/dAT, which characterizes the relationship between undercooling and the grain density, is
described by a Gaussian distribution both at the mold wall and in the bulk liquid. The param-
eters of these two distributions, including maximum nucleation density n , the mean under-
cooling AT and the standard deviation of the grain density distribution AT, can be obtained
from experiments and grain size measurements. The grain density, n(A7), is given by Eq. (7):

_ 4r dn . ar nmux > _l AT—ATN) '
n(AT) = Of AT AT = Of ATg\/ECxp[ 2( AT dAT, 7)

where n__is the maximum nucleation density of nucleation grains, which is obtained by the
integral of the nucleation distribution (from zero undercooling to infinite undercooling). AT,
and AT are the mean undercooling and standard deviation of the grain density distribution,
respectively. Here, all temperatures are in Kelvin.

Undercooling is the most important factor in the columnar and dendrite growth rate and
grain size. The total undercooling of the dendritic tip consists of three parts such as solute
undercooling, thermal undercooling and curvature undercooling. For most metallic alloys,
the kinetic undercooling for atom attachment is small, so it is neglected [35]. The total under-
cooling can be calculated as follows:

AT = mC[1-A(PY| +6,1(P) + 3 ®
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where m is the liquidus slope, I is the Gibbs-Thomson coefficient, C, is the solute concentration
in the liquid far from the solid-liquid interface, P and P_are the thermal and solutal Peclet num-
bers, respectively, k is the solute partition coefficient at the solid-liquid interface, A(P) equals
[1-@-pI(P)]", 6,is the unit thermal undercooling (= Ak /c) and R is the radius of the dendritic tip.

For the laser deposition process, the rapid solidification condition corresponds to a high
Peclet number at which the dendritic tip radius is given by Eq. (9)

R = [t - ®

where ¢* is the marginal stability constant, approximately equals 1/47* [36], and G* and G are
the effective temperature gradient and concentration gradient, respectively.

2.3. Coupling macroscopic FE and mesoscopic CA models

The temperature field result can be used to calculate enthalpy increment, which is necessary
to calculate enthalpy at each time step. A linearized implicit FE enthalpy formulation of the
heat flow equation can be given [10]

Ak [92)] - tem =~ m s e (10)

where (M} is the mass matrix, (K} is the conductivity matrix, {b} is the boundary condition
vector and (T} and {H} are the temperature and enthalpy vectors at each node of the FE mesh,
respectively. The Newton method and Euler implicit iteration are included in (10). This set of
equations can be solved using the Gauss elimination method for {5H.

OH = p-c - [T" - T~ AH,- 5f. (11)

Thus, the next time-step enthalpy can be obtained by the relationship of H*' = H'+éH. The new
temperature field can be obtained from the coupling model using (11). AH is the latent heat of
fusion per unit volume. f represents the fraction of solid. 5f can be calculated as in [10].

In the FE macroscopic model, the temperature field was calculated on a relatively coarse
mesh, but the solidification microstructure had to be developed on a finer regular CA mesh
with a cell size in the order of the secondary dendrite arm spacing (SDAS). Figure 2 indicates
the interpolate relationship between coarse FE nodes and fine CA cells. The known tempera-
ture T' and the volumetric enthalpy variation s H were interpolated into the CA network by
the linear interpolation in Egs. (12) and (13). ¢, is the interpolation coefficient. Every CA cell
temperature in the calculation domain can be obtained with this interpolation.

Tli = ZVI ¢U?1 ’ TV: (12)

H =29, H, (13)
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Figure 2. x, y and z represent the FE temperature nodes (coarse grids) and v represents the CA cells (fine grids). The
three linear interpolation coefficients from FE nodes x, y and z to CA cells vare  vn,x, ¢, and ¢, .

The finer temperature, T, and enthalpy variations, » H', in regular CA cells were used in Eq. (13)
to yield the temperature in the next microtime step. After a few microtime steps, the tempera-
ture field in the CA network could be substituted into the coarser nodes of the macroscopic
model. The interpolated temperature field is employed as the model input. Heterogeneous
nucleation, grain growth orientation and grain growth are solved in the CA-FE model in

Fimite element mode|

Phermal history within FE nade
Linpar Interpolation
Phiermaul histony i CA mindel

Materiah progestiesn

Celluler Auomaion Model

Figure 3. Flow chart of the coupling CA-FE model.
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terms of nucleation location distribution, random crystallographic orientation and CA cells
capture. Figure 3 indicates the flow chart of coupling FE-CA model. The details of the CA
growth algorithm are shown in Figure 4.

Figure 5 illustrates the conventional and modified cell capture algorithm. For the con-
ventional method, the vertices of the square envelope move along the diagonal, and the
growth of the square envelope is determined by the center cell temperature, not local tem-
perature, at each time step, which results in the same growth rate for the four vertices.
The grain orientation will be along with the axis of computational domain after a few time
steps, thus, losing its original orientation information. The modified “decentered polygon”
algorithm is implemented to control the grain growth within the melt pool and at the sold/
liquid interface. Compared to the traditional “decentered square” algorithm of cell captur-
ing, the modified “decentered polygon” algorithm does not need to create square for each
cell when it begins to grow. Only the decentered polygon of a starting nucleated cell is
tracked during the grain growth process, which reduces the computational cost. Besides,
the modified algorithm can prevent grain orientations from realigning with x axis after a
few growing steps because each cell will stop growing when Von Neumann and Moore
neighbors are both solid. The controlling point growth rate is determined by the local cell
temperature. Therefore, the region with higher thermal gradient will solidify faster along
the steepest thermal gradient.

Give nucleation parameters: physical
properties and time step A

Temperature and cell state
initializatio

All neighboring ©
Interpolate Temperature field into CA cells aro pnclosed by growing po

Caleulme local undercoaling for dach cell.

ES
Maximum local
undercooling of growing IR o AL
sl liguid cells
Micro Lime step 6t LIS
Femiperature and coll state

Lt change
L m=tm=*

Calcolate the nuclention probability by L+t
cresse of local underconling

B || fimme steps and
YES Landom number

r2P Py

calculnted

Cutpu

Figure 4. Flow chart of CA algorithm.
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Figure 5. Illustration of the conventional and modified cell capture algorithm: (a) capturing rule of cell (i, j) within a
decentered square, (b) capturing rule of eight neighboring cells before (i, j) growth termination [37] and (c) the modified
cell capture and growth algorithm of “decentered polygon” with neighboring cells effect for cubic crystal alloys.

3. Results and discussion

3.1. Single-layer temperature and grain structure

The deposition temperature field and grain morphology were simulated first only in one layer.
Figure 6 shows thermal history of the whole block during the DMD process. Figure 6(a) indi-
cates the temperature field of the whole block when laser beam is passing along the x direction
at time =1.0 s, while Figure 6(b) shows the temperature field when substrate cools down with
laser off at time = 29.0 s. The total physical time of single-layer laser deposition is 2 s, while
the cooling time is 28 s in the simulation. For each step, the step time is 0.1 s when the laser
is shot on the surface of the deposited material. After 30 s of cooling down, the temperature
distribution is more uniform. Figure 7 indicates the thermal history of two nodes, which locate
at the center point in the deposit and 1 mm away from the deposit. The result shows that the
highest temperature in the deposit is approximately 2884 K, which occurred at the center of
the Gaussian beam. The center node at 1 mm away from the deposit arrives at peak tempera-
ture of 1126 K that cannot melt the Ti6Al4V substrate. Based on every node’s thermal history,
the undercooling (discrepancy between liquidus temperature and current temperature) that is
critical to resulting in grain nucleation and growth rate can be determined.

In order that the input of microstructure model is reliable, the temperature field is validated
with four type-K thermocouples. The locations are shown in Figure 8. One is located at the
starting of laser path, which distance to the laser is approximately 3-3.5 mm. Another three
points are located by one side of laser path, which distance to the laser center is approximately
2 mm. Arduino device is used to sample the temperature data. A laser deposition experiment
is conducted with the power of 750 W, scanning speed of 600 mm/min and 2 g/min for single-
layer deposit. The difference between the experiment and the FEM modeling is less than 10°C
shown in Figure 9. In Figure 9(a), the delay between the simulated temperature and the ther-
mocouple itself is more visible than Figure 9(b)-(d) because the distance of first thermocouple
point is further than other three ones. In the real experiment, the substrate is fixed by the
metal fixture, which resulting in the more heat conduction than the FEM model. Because of
argon gas, forced convection occurred in the real experiment. This also causes lower cooling
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(b}

Figure 6. Cross-sectional simulated temperature distribution during single-layer laser deposition process. The deposition
time is 2 s, while the cooling time is 28 s. (a) Temperature field at time = 1.0 s and (b) temperature field at time =29.0 s.

rate in the temperature simulation. Because the difference between experiment and simula-
tion is smaller than 10%, the current FEA modeling is still considered as a reasonable simu-
lation of temperature field, which can provide the reliable thermal input for the CA model.

A laser deposition experiment is conducted with the power of 700 W, scanning speed of 600 mm/min
and 2 g/min for single-layer deposit. For this case, the cross section shown in the figure is the
computational domain. The cell size for this simulation is 6 x 6 pm. X and Y axes represent the
number of cells. The simulation result from conventional method is shown in Figure 10. It can
be observed that even though different grains own diverse orientation at the very beginning,
the crystallographic orientation preference tends to be along with the axis after several time
steps. Here, different colors represent various grain orientations. Finally, the equiaxed grains
dominate the fusion zone. The original grain orientations are not kept during the solidification
process. It does not agree well with the single-layer experimental result shown in Figure 12.
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Figure 7. (a)Temperature field at t = 1s (b) Temperature history at the center node in the deposit and substrate.

The developed CA grain growth method is implemented under the same condition. According
to the developed CAFE simulation, the single layer simulation result is shown in Figure 11.
The grain keeps its original crystallization orientation when grain growth is modeled. The
columnar grain can be identified from the solid/liquid interface. When grains continue to
grow toward melt pool center, some grains overgrow other grains such that there are fewer
grains further away from the solid/liquid interface.

Three samples of single-layer deposits are prepared with EDM cutting, grinding, polishing
and etching. The optical microscope is shown in Figure 12. The comparison between simu-
lation and experimental results is shown in Figure 13. An average of 20 measurements per
sample is performed to determine the average grain size. It compares the experimental aver-

® indicates the thermocouple sites
B indicates laser path

Figure 8. Thermocouples location and laser scan direction schematic diagram.
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Figure 9. Temperature validation with four type-K thermocouples. (a), (b), (c) and (d) are measured at location 1, 2, 3
and 4, respectively.

age grain size with the predicted one. The shown data suggest that a 15% error between
experimental measurements and predictions is present. This can be considered as a reason-
able prediction of grain morphology and size.

3.2. Multilayer temperature and grain structure

Figure 14 depicts the temperature field of the substrate and deposited material, including the
25-layer deposition materials added on the substrate when the laser is moved forward and
backward. The laser deposition of multiple-layer Ti-6Al-4V was conducted with the power of
750 W, scanning speed of 200 mm/min and powder delivery of 2 g/min. The elemental size
is nonuniform along the three directions because it is not necessary to apply fine elements
to where the location is far from the molten pool. Figure 15 shows that the thermal history
and peak temperature of different layers are not identical. The higher layer performs higher
thermal history because the higher layer accumulates more heat than the lower one, and it is
closer to heat source.
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Figure 10. Grain structure of conventional growth method for single-layer Ti6Al4V deposition at (a) 5 ms, (b) 25 ms, (c)
45 ms and (d) 65 ms time step.

Figure 16 shows Ti-6Al-4V deposition grain microstructure. The cross-sectional dimension of
deposit region is 1.8 x 1.9 mm, which is close to 2 x 2 mm assumption in the simulation. In
Figure 16, it can be observed that at the bottom deposition, crystallographic orientation is not
only limited to the vertical direction. It can also be observed that columnar grains dominate in
the laser deposition area. Figure 16(a) and (b) indicates the whole deposition region at different
magnification and the locations of top and bottom region, while Figure 16(c) and (d) shows the
grain size and shape with higher magnification. Under the same condition, the experiment is
conducted, and the optical microscope images are taken. Figure 16(e) shows multiple layers of
the Ti-6Al-4V grain morphology under the laser deposition process. Irregular grain shape and
size can be obtained. When more layers were deposited, prior p columnar grains began to domi-
nate, while equiaxed grains began disappearing. As the solidification process continues, com-
petitive growth among different grains occurs. Therefore, the size of columnar grain increases,
and the number of grains goes down. The orientations of the columnar grains were almost per-
pendicular to the laser motion’s direction because the grains grew along the steepest thermal
gradient direction. This phenomenon verifies the columnar grain orientation in the simulation
result. The domain size in the CA model was 2 x 2mm. After measurement of grain size, it can
be found in Figure 17 that in the simulation, the grain size ranges from 113 to 346 um. For the
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Figure 11. Grain structure of developed growth method for single-layer Ti6Al4V deposition at (a) 20 ms, (b) 40 ms, (c)
60 ms and (d) 80 ms time step.

Laj) (k)

Figure 12. Ti-6Al-4V single-layer deposition grain morphology at (a) 50x and (b) 200x.
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Figure 13. Grain size comparison between simulation and experiment.
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Figure 14. Thermal history for 25-layer Ti-6Al-4V laser deposition. This figure shows the 18th layer deposit temperature
field.
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Figure 15. (a) Three nodes location cross section schematic and (b) thermal history of the center node at 1st, 10th and
20th layer.
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Figure 16. Ti-6Al-4V deposition grain morphologies. (a) and (b) The whole deposition, (c) the bottom region deposition
and (d) the top region deposition. (e) Grain morphology modeling of 25-layer Ti-6Al-4V laser deposition. In the legend,
“CLASS” represents orientations of different grains. Y and Z coordinates are in agreement with 25-layer thermal history
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Figure 17. Grain size comparison of multiple layers between simulation and experiment.

experiment, the grain size ranges from 156 to 599 um. The grain size at the bottom and top is
larger than the simulation. This may be because it does not consider the cyclic heating and
cooling process’ effect on the solidified grain evolution. Usually, cyclic heating will coarsen the
grain and make the grain become larger. This effect will be solved in the future research task.

Figure 18 presents the simulated grain structure from Rai et al. [20] during powder bed addi-
tive manufacturing. It can be seen that some grains overgrow others at the top layers, and
most surviving grains have negative misorientations indicating grain orientation is aligned
well with the beam scanning direction. The detailed local grain boundary misorientation is
determined by local thermal gradient and the neighboring grains’ orientation. The rate of
overgrowth process also has an effect on the grain boundary angle. Compared to multiple
layer results in this investigation, it shows the similarity of grain overgrowth mechanism
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Figure 18. Simulated grain structure from Rai et al. [20]. The color bar maps grain misorientation with respect to the
build direction.

and misorientation distribution. The grain size between two results is not similar because the
thermal gradient and cooling rate are different between powder bed-based additive manufac-
turing and DMD process.

4. Conclusions

The transient temperature field of single-layer and multiple-layer deposition of Ti-6Al-4V was
simulated with finite element method. The simulation result was validated by thermocouple
experiment. The FE model provides the temperature at a relatively coarse scale (200 pm), and
interpolation algorithm was used to scale the temperature field to match that of the CA model.
The FE-CA model predicts grain morphology evolution as the deposition cools down. Hence,
the instantaneous nucleation law, grain growth and crystallographic orientation were modeled
in this study. It has been found that the developed “decentered polygon” growth method is more
appropriate for the highly nonuniform temperature field, and the simulation result is closer to
the real experimental measurement compared to the conventional growth method. For multi-
layer deposit, columnar grains dominated in the 25-layer deposition in the simulation. The grain
size becomes larger when the position is closer to the top area of the deposition, which matches
well with the optical microscopic result. The grain size of single and multiple layers between
simulation and experiment is similar. It demonstrates that this FE-CA simulation can reason-
ably predict thermal history and grain morphology during this case of direct metal deposition.
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Abstract

The numerical modeling of the physical process of manufacturing parts using additive
technologies is complex and needs to consider a variety of thermomechanical behavior.
This is connected with the extensive use of the finite element computer simulation by
means of specialized software packages that implement mathematical models of the
processes. The algorithm of calculation of nonstationary temperature fields and stress-
strain state of the structure during the process of 3D deposition of wire materials devel-
oped and implemented in ANSYS is considered in the paper. The verification of the
developed numerical algorithm for solving three-dimensional problem of the production
of metal products using arc 3D deposition of wire materials with the results of the
experiment is carried out. The data obtained from calculations on the developed numeri-
cal model are in good agreement with the experiment.

Keywords: wire deposition, thermomechanical behavior, additive technologies

1. Introduction

Additive technologies are a breakthrough solution of this century. At the same time, when we
speak about additive technologies, we generally mean the manufacturing of products of small
sizes and irregular shapes. Large-sized products are still characterized by the use of traditional
casting and forging shops. If mass production, such as the motor vehicle industry, is generally

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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satisfied with traditional solutions, then small-scale manufacturing, such as the aircraft industry,
requires a more advanced approach. A manufacturing cycle of relatively simple and large-sized
products, such as longerons, frame elements, etc., may in certain cases take 2 years at a cost of 1.2
million dollars. The situation at hand is one of those reasons which result in unreasonably long
terms and high costs of creation and introduction of new products to the market.

The use of powder additive technologies sometimes gives rise to problems associated with low
productivity of existing methods, high costs of equipment being used, limited types of mate-
rials, which is caused by the fact that powder systems melted by a powerful thermal source [1-3]
are traditionally used as initial materials for additive formation of products. The formation of
products from many aluminum alloys and active metal alloys, such as titanic and magnesium
alloys, leads to increased porosity of materials of resulted products with considerably
decreased mechanical properties [4-7]. The productivity of formation of components from
powder materials in traditional additive technologies is extremely low, which practically
excludes any prospects of the use of these technologies for the purpose of manufacturing
large-sized products.

Hybrid manufacturing technologies combine the best characteristics of additive formation of
workpieces and those of subsequent mechanical removal of materials in the course of creation
of metal products [8, 9]. This process can be implemented on one platform with the hybrid
layer-by-layer application of wire materials and the processing by CNC machines and is an
optimum solution for the manufacturing of large-sized components of molds of low and
average complexity.

One of the first companies that is engaged in promoting wire material-related technologies is
Sciaky (USA) [1, 2] that specializes in the development of electron-beam welding technologies
and equipment. Additive manufacturing machines made by Sciaky produce components with
the use of the layer-by-layer build-up welding method for materials in melts created by an
electronic beam. This technology is known as EBDM (Electron Beam Direct Manufacturing).
High performance levels (3-9 kg/h) demonstrated by the EBDM technology allow us to pre-
pare components whose sizes are expressed in meters, which is impossible or extremely
expensive when using any other additive technologies. This component formation principle is
responsible for a low-quality surface of a synthesized component. However, the EBDM tech-
nology combined with traditional machining technologies allows us to obtain results with
acceptable costs. Model materials used in this technology are additions (metal bars or wires),
which is also an advantage as there are many available materials of this kind: nickel alloys,
stainless and instrument steels, Co-Cr alloys and many others whose prices are considerably
lower than those of these materials in their powdered condition [1]. Today, the company does
not make standard machines and is generally involved in producing basic Sciaky’s DM models
with the sizes of a formation zone of 5700 x 1200 x 1200 mm, and all modifications are created
according to customer requirements. Machines allow to consistently form up to 10 various
components in automatic mode and during one vacuumization cycle of a working chamber.
The price of one machine is more than $2.0 million.

The use of arc and plasma sources for the purpose of melting metal wire materials in the course
of implementation of hybrid additive manufacturing technologies has been actively developed
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in recent years. In 2016, Norsk Titanium, a Norwegian start-up, attracted additional invest-
ments of 25 million dollars in order to certify materials resulted from the plasma layer-by-layer
deposition with titanium wire and used to produce components for Boeing and Airbus air-
crafts. It is also necessary to mention a company called WAAM (at Cranfield University) that is
engaged in developing large-sized product formation technologies with the use of plasma
technologies or consumable electrode surface welding processes with impulsive wire feeds
and cold metal transfers (CMT) developed by Fronius. In the middle of 2016, Europe
witnessed a 3-year LASSIM project with a budget of about 5 million euros that united 16
companies. The purpose of this project is to create a stand in order to implement several
processes within a single space in the course of hybrid manufacturing of large-sized work-
pieces: additive manufacturing; multi-coordinate machining; layer-by-layer work hardening,
measurement; non-destructive testing.

When modeling heat and mass transfer processes, it is necessary to consider that additive
technologies are technologically closest to multi-layer deposition that also makes an initial
material (filler wire) interact with a heat source, gradually builds up layers and superposes
thermal cycles as and when new layers are added and transitional changes occur in the
geometry. Temperature fields in a product to be processed are in most cases difficult to
determine with the use of experimental methods. The most frequently used temperature
measurement method consists in placing thermocouples directly next to the area of influence
by a thermal source [10-13]. Thermocouples can measure temperatures only in places where
they are installed, and it is difficult to have a general picture of temperature distribution even
when several thermocouples are used. Infrared thermography [14-17] can measure only sur-
face temperatures and cannot ensure the distribution of transient temperature processes in
volume. The volume distribution of temperatures in a workpiece can be determined by math-
ematical modeling. However, the modeling of three-dimensional temperature fields is a rather
demanding and complex problem due to accompanying difficult physical processes, their
velocities, and many previously made calculations are connected with simplifications [18-21].

In order to model heat and mass transfer processes, we usually use the following equation
system: mass, momentum and energy conservation equations [22-25]. Solutions of these equa-
tions allow us to obtain temperature fields in all projections of a sample to be formed, melt
flow rates, cooling rates and crystallization parameters that specify structures and properties
of components. At the same time, information on computational temperature fields obtained
by using adequate models allows us to predict microstructures and properties of workpieces
resulted from different additive manufacturing methods.

The process of manufacturing of components with the use of the additive manufacturing
method is followed by complex thermo-mechanical phenomena resulting in the formation of
technological residual stresses and possible contraction of components [26-33]. The appear-
ance of internal stresses in an object to be produced is connected with the essential spatiotem-
poral heterogeneous distribution of temperature and conversion fields.

A standard approach to the numerical solution of temperature deformations and residual
stresses in additive manufacturing is to systematically and consistently analyze thermal con-
ductivity in a transient mode and elastoplastic deformations [34]. Further, a transient heat
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conduction problem is firstly solved in a numerical manner; then, a temperature field is
imported to a mechanical model as “thermal loads” in order to calculate stresses and defor-
mations.

In case of additive technologies with a rather small number of deposition passes, it is accept-
able to thoroughly model each pass in the course of production of components [35, 36]. With
this modeling method, the supply of heat brought by a thermal source is generally used as a
volume thermal flow whose center moves along a deposition trajectory, thereby representing a
moving source of heat. However, the additive formation of products usually has a large
number of layers, which makes it unreasonable to model each separate pass in the course of
creation of components. In order to make calculations more effective, we use a principle where
successive melting steps and even layers are grouped together for subsequent simultaneous
activation [37, 38]. This method provides that a stationary thermal flow is assigned to a
discrete area for a period of time specified by users. It is obvious that the way of building-up
of materials and of application of thermal loads in an individual manner is more correct, but
requires higher computational efforts.

Therefore, the possibility of modeling of technological processes related to the layer-by-layer
synthesis of products by multi-layer deposition of wire materials is a considerable reserve for
the purposes of optimizing technological modes of production of components, developing
control programs, minimizing defects and increasing manufacturing quality. At the same time,
a lot of works are aimed at modeling selective laser melting or laser gas powder deposition
welding processes. The modeling of arc methods of deposition welding of wire materials has
specific features connected with a large volume of materials to be deposited and, as a result,
with great possible deformations of products, as well as with specific aspects of the description
of a thermal source [39].

General variable parameters for mathematical models of heat and mass transfer processes with
deposition welding with wire materials are as follows:

distribution of density of an energy flow of a heat source;
initial temperature of a sample;

distribution of an additional volume source (in case of additional induction heating);

1
2
3
4. dependence of thermophysical characteristics of materials on temperature;
5. characteristics of phase transitions;

6. velocity of a heat source;

7. orientation and feed rate of wire and its diameter.

As a part of the mathematical models described below, the following assumptions have been
accepted:

1. Inthe process in question, the strength of a plasma arc, the feed rates of a support material
VH and wire V11 are constant or time intervals of their change considerably exceed a typical
time of relaxation of temperature, velocity and concentration fields.
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2. The ambient temperature is constant.

3. Anenergy source is characterized by Gaussian distribution of a thermal flow onto surfaces
of a support material and a bed to be deposited.

4. Support and wire materials have the same chemical composition.

5. Molten metal is considered to be an incompressible Newtonian liquid whose physical
parameters (density, viscosity, thermal conductivity, etc.) do not depend on temperature.

6. When describing thermal effects in the course of melting and hardening of materials,
effective thermal capacity within a quasi-equilibrium model is used.

7. Inorder to describe the influence of a two-phase zone on the motion of a melt, Darcy term,
representing the damping force when fluid passes through a porous media dendrite
structures, is introduced to the motion equation [41].

8. An impact on the motion of a melt of electric and magnetic fields generated by a plasma
flow is not considered.

Filler wires are fed into the zone of influence of a plasma arc, thereby causing a mass inflow. A
plasma arc causes melting and evaporation of a filler material and a base material. The surface
of a melt can be somehow deformed under the influence of the arc pressure, of falling droplets
(when melting a wire) or of a local increase in metal vapors pressure.

Technological process parameters affect the nature of a metal transfer to a melt. We can
distinguish three typical modes:

1. Continuous metal transfer (Figure 1a). This mode is carried out at a low strength of a
thermal source and is rather low-temperature. This mode slightly changes sizes and a

Figure 1. Schematically illustrated modes of a mass transfer of a filler material to a melt [40]. a—Continuous metal
transfer, b—coarse-droplet transfer and c—spray transfer. 1—Plasmotron; 2—plasma arc; 3 —feeder; 4 —wire; 5—wire
feed direction; 6 —product; 7—product motion direction; 8§ —weld bed being formed.
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form of cross section of a weld bed, as well as a structure and physical and mechanical
properties of a metal to be deposited. This regime is optimal for the additive process. But
their change may be caused only by disturbing factors (instable strength and position of
a thermal source, deviation of a wire feed rate or displacement of a product, as well as
influence of reheating zones). These factors are not considered at the current stage of
works. A further decrease in energy to be delivered results in the fact that wires are
melted only partially. This gives rise to formation defects and, therefore, this mode is not
satisfactory.

2. A coarse-droplet transfer (Figure 1b) takes place when strength is increased above some
critical value. The form of a weld bed and its cross dimensions range in length, metal
splashes are present, and a crystallization process cannot be considered as a stationary
one. This transfer mode may be acceptable for the consumable electrode welding technol-
ogy. However, its use in most cases results in decreased quality when additive shape-
forming processes are implemented.

3. A spray transfer (Figure 1c) is carried out in a mode with a higher energy of a thermal
source. Metals being constantly fed experience a thermal influence sufficient for strong
boiling. This mode is characterized by high spraying and uneven surfaces of weld beds to
be formed.

2. Mathematical statements of problems (models) of a heat and mass
transfer in the course of additive formation of products by melting of wire
materials with a plasma arc

The geometry of a computational domain of the model in question is presented in a three-
dimensional arrangement (Figure 2) and in the X-Z section (Figure 3). A surface source of a
mass to be deposited onto a solid support material is fed to an interface at the velocity of Vi
with some distribution in the X, Y plane (in case of a droplet transfer approximation is possible
by Gaussian distribution). A thermal flow from an energy source is determined by Gaussian
normal distribution. A minimum temperature in a source is supposed to be higher than the
solidus temperature (TS). A mass source moves along a solid support material at the velocity
of VH (deposition welding velocity). There is the air above a solid support material.

This problem is supposed to be tackled by the shock-capturing method where motion and
temperature distribution equations are solved within the whole domain presented in Figure 2.
In order to describe the motion of a material interface, the level set method is used. The
position of an interface and values of material parameters of media (density, viscosity, thermal
conductivity, thermal capacity) are determined according to a value of a special remote func-
tion ¢, to which a separate equation is assigned. The level set method helps to determine an
interface position between a metal (a molten metal) and the air. The position of a boundary of a
phase transition between a solid metal and a melt is established according to a position of an
isotherm corresponding to a melting temperature.
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interface at the
initial time

Figure 2. Geometry of the computational domain.

3. melt area

Figure 3. Symmetric longitudinal section of the computational domain.

Courses in metal and in air are described by free thermal convection equations for incompress-
ible media in Boussinesq approximation [42]:

%(p Zi) + (E V) (p Z) — VP4 Divi+F

divu=0
bui au]‘
Tjj _#<ax]‘+axi>' 1)

where p—density, u —melt flow velocity vector, —dynamic viscosity, P— pressure, F—total
volume force being as follows:
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— _ 1 - N —
Fpgﬁ(TTrEf)C(/3 fL) M+FSV1 (2)
where g—gravitational acceleration, f—thermal-expansion coefficient, T—absolute tempera-
ture, T,—initial temperature taken as the solidus temperature (T’s).

The first equation member (2) represents thermo-gravitational convection, the second one does
energy dissipation of in a two-phase zone (in the zone of a phase transition from a melt to a
solid metal), according to the Kozeny-Carman equation where B—a small computational
constant used to avoid division by zero, C—a constant reflecting the morphology of a two-
phase zone (in these studies it is possible to use values around 10* ... 10°), f; —a function
determining the position of a boundary between a liquid phase and a solid one in a metal
(fusion zone boundary) [39]:

1 T>T;
fL = (T — Ts)/(TL — Ts) Ts<T<T; 3)
0 T<Ts

where T} and Ts—liquidus temperature and solidus temperature.

The third equation member (2) F;, is a volume approximation of forces acting at the boundary
of a phase interface.

The thermal energy distribution in the computational domain is described by means of the
differential energy transfer equation:

oT /- FT T T\ Q
E‘F(MV)T—EP(w-Fa—yZ-Fg)'Fa 4)

where T—absolute temperature, a = A/Cyy - p—thermal diffusivity coefficient, u—melt flow
rate, c—thermal capacity, p—density.

The approach in question provides that the location of a welding source of heat and a
source of mass at the “metal-gas environment” interface are arbitrary functions of time.
Besides, it is necessary to consider that a wire material is fed to the “metal-gas environ-
ment” interface in an already melted state, which also requires some part of energy [43]. In
an approximation that the temperature of a melted wire material to be fed is equal to the
temperature of a melt at the interface, thermal capacity Q to be brought in the Eq. (4) is
expressed as follows:

Q= (4, = 4, — (T = To) = ot (T* = T4) )5 (),

20,

4= Mo ©)
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FPpL [CpS(TL — To) + L, + CpL(T — TL)], T>Tg
I = Fppr [CPS(TL —To) + Luf, — (1 *fL)Lm}/ Ts<T<Ty
FppS [Cps(T — T()) — L, — CpS(TS — T)}, T<Ts

Pp = NS(T)VH

where Qy—maximum thermal power in a source, r—radius of a thermal spot from a source, 1, —
efficiency of a heat source, g,—thermal flow coefficient determined by a convective current,
05— Stefan-Boltzmann constant, ¢,—metal blackness degree, p; and ps—densities of a liquid
phase and a solid one of a metal, C,; and C,s—specific thermal capacities at a constant pressure
of a liquid phase and a solid one of a metal, L,,—specific metal melting heat, Ng(r)—function
determining the distribution of a material to be delivered to a deposition zone, to be determined
by deposition conditions (see Figure 3), 5(¢) and n,—delta function and normal projection to the
boundary of the metal-air interface in the direction of the Z axis setting the distribution of heat
along the boundary of the metal-air interface, will be determined below as a part of the descrip-
tion of the level set method.

The latent melting and crystallization heat was taken into consideration by introducing the
effective thermal capacity:
exp [~((T = Toar)/ (T2 = Ts))"

Cor =C
eff 0+ \/7:((TL — TS)

Hj, 6)

where Cyp—thermal capacity depending on temperature, Hy—latent melting heat, T,.;;—melt-
ing temperature that is taken as an average one within a range from the solidus temperature to
the liquidus one.

When in transition across the boundary of the interface of a liquid phase and a solid one in a
metal, viscosity, first of all, suddenly changes from some final value y; in a melt to an actually
infinite value in a solid metal y. The value of viscosity in (2) was determined by means of
function (4) as [44]:

w=pfp +us(1-£) @)

In calculations, y; will be final, but it will be such as pg >> p;, which will ensure the “freezing”
of a liquid in a solid phase. Sudden changes in density, thermal diffusivity and thermal metal
capacity when in transition across the boundary of a phase transition may be described in a
similar way.

Surface forces are approximated as volume ones so that:

*  volume force F, is concentrated in a narrow transitional layer where density and viscos-
ity gradients markedly differ from zero;

e direction Fy, coincides with the direction of remote function gradient ¢;

*  valueFy, is proportional to the gradient of a remote function and the curvature of a surface;
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¢ in a limiting case, when a transitional layer turns into a jump in typical parameters of a
liquid, the consideration of this volume force leads to an ordinary dynamic condition on
the surface of an interface.

Based on the mentioned assumptions, an expression for the volume force is written as:
- do -
Fam = (ak(0) 6 - 229, —p, i1 )o(9) ®)

where ¢ —marker function, k(¢p) —interface surface curvature,

= = Vo 1 09
k((f))—dlv n, Tl—‘v—(p, nz—wg (9)

6((]5) —Dirac delta function, 0 —melt surface tension coefficient.

The first addend in (8) describes capillary forces acting normally to the surface of the metal-air
interface, the second addend describes thermo-capillary Marangoni forces acting tangentially
to the surface where V,T—temperature gradient component tangential to a curved surface.
The third addend specifies the pressure force of plasma arc [44]:

“2((x - Vi) +)
72

p, = 2kil; exp (10)

where I,—arc current, k;—electrodynamic constant.

In the level set method, the position of an interface boundary is determined by a zero value of a
level set or remote function ¢. As for the remote function, we solve a transfer equation that will
be as follows:

04 (Fye i) Vo] =0 ay

Density, viscosity or concentration values are restored according to the remote function. For
example, in case of density we have:

p(¢) =p1+ (0, —p)H(9) (12)
where p; n p,—media density, H(¢) —Heaviside function set by the following expression:
if $<0, air

0

1

H(¢) = 5 it =0 (13)
1 if ¢>0, metall

For numerical implementation, expression (13) is written as
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0 if p<—¢
H.(¢) = %1+%—%Sin(n¢/e) if |¢|<e (14)
1 if p>¢

The delta function in expressions (5) and (8) is equal to

3() = H.(9) = 35 He(0) 05)
l @ / <

5(¢) = Zs{”ws(e)} i lol=e (16)
0 otherwise

The thickness of a transitional layer between the phases is equal to 2¢. It is usually supposed
that ¢ = aAx where Ax is a distance between nodes of a spatial grid or a grid cell size around a
boundary, « is an integer.

Far from a fusion zone, at all boundaries of the computational domain, except for an upper
boundary, a media velocity is supposed to be equal to zero. At the upper boundary, pressure is
supposed to be set. For the remote function, at all boundaries the normal derivative is sup-
posed to be equal to zero. Thermal conditions at the boundaries of the computational domain
are determined by external technological conditions, but for model calculations all boundaries
may be considered to be thermally insulated.

3. Description of a thermal source when using a plasma arc at various
polarity

When modeling heat and mass transfer processes with the use of a plasma arc as a thermal
source, there is a factor concerning the description of a thermal source, especially when using a
plasma arc with current reverse polarity. A heat transfer to a product, under the influence of a
plasma direct arc, is carried out by two mechanisms: convection from a plasma spray (a
plasma flow) and heat emission in discharge (electrode) spots. Work [45] establishes that at
an identical current and under all other conditions being equal a heat input to a product,
during the operation of a plasmatron with current reverse polarity, is 1.3... 1.6 times higher
than with current direct polarity, which is explained by a higher arc voltage. Unlike a
constricted arc of direct polarity, a constricted arc of reverse polarity is characterized by a
thermal power distributed more uniformly along the surface of a product (Figure 4).

It should be noted that at plasma processing with a current of direct polarity values d,rand d,; are
proportional, and it is impossible to control their size separately. The diameter of a plasma flow d,
is actually determined by the diameter of a nozzle d,¢= d,, [46]. The distribution of density of a full
thermal flow at direct polarity deposition welding is described by Gaussian distribution.
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Figure 4. Chart of a heat transfer to a product at plasma processing. a—Current direct polarity, b—current reverse
polarity. P,;—Power delivered by convection by a plasma flow, P,;—power emitted at an anode spot, P.,—power emitted
in a cathode region, d,,—diameter of a plasma flow, d,;—diameter of an anode spot, d.,—diameter of a cathode region.

q, W/ sm?

Des

|

0T

d mm

Figure 5. Aspects of a heat transfer to a product during the operation of a plasmotron with a current of reverse polarity.
des—Density of a thermal flow from a non-stationary cathode spot, g—density of a resulting thermal flow, d —diameter of
the influence of a thermal flow, 1 —fusion depth of a base.
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{a)

Figure 6. Traveling of cathode spots along a product surface during the operation of a reverse polarity plasmotron.

With current reverse polarity, a plasma arc belongs to a type of arcs with non-stationary
cathode spots traveling along the surface of a cathode. A travel width depends on the design
of a plasmatron and the material of a product. One of distinctive features of non-stationary
spots is their short-term existence and high current density (j~10°~10° A/m®), and local specific
thermal flows in the area of short-term influence at a spot reach values (g~10°-10" W/cm?)
(Figure 5). The time-averaged thermal influence of cathode spots can be approximated evenly
by a thermal source distributed along the area restricted to d.; The distribution of density of a
thermal flow delivered by a plasma flow at reverse polarity deposition welding is described by
Gaussian distribution. The diameter of a plasma flow d,is supposed to be the diameter of a
nozzle d.; = d,, [46]. For the deposition of metal during the layer-wise formation, the following
equipment which has been developed at Perm National Research Polytechnic University was
used: the plasma welding unit BPS-350; universal plasmatron PM1-15.

A value d, under the influence of an arc with current reverse polarity, can be actively controlled.

The size of a cathode region depends on parameters of a technological mode and requires
determination. The travel of cathode spots leads to a known phenomenon of cathode cleaning
under the influence of an electric arc of reverse polarity [47] on the surface of metals. It is generally
believed [48] that the destruction and removal of an oxide film from a product surface in the area
of influence of a reverse polarity arc result from attacking the surface of a metal by positive ions.

When a plasmatron operates with a reverse polarity current on a surface subjected to cathode
cleaning, there is a visible mark [49] that allows us to visually estimate the area of traveling of
cathode spots (Figure 6).

A phenomenon of cathode cleaning can be used to create a statistical dependence of the
influence of technological parameters of reverse polarity plasma arcs on the diameter of a
cathode region. At the first stage, it is possible to use an empirical model [48].

des = 7,918 +0,1081, + 1,235Q, + 1,235Q,, — 0,238V — 0,599H, (17)

where [,—arc current, Q,,—protective gas consumption (I/min), Q,—plasma-forming gas
consumption (I/min), V—plasmatron displacement speed, m/h, H—plasmatron nozzle height
above a product (mm).
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Figure 7. Geometry of the computational domain.

Therefore, a plasma source at reverse polarity deposition welding is represented by a
combination of a source of heat delivered by a plasma flow with Gaussian distribution,
of diameter d,, and an evenly distributed source of diameter d.;. An energy ratio between
these sources is determined experimentally according to the method suggested in the
work [50].

In order to analyze the applicability of selected approaches, the preliminary numerical imple-
mentation in the two-dimensional statement of a problem of melting of wire materials with
concentrated and arc energy sources was carried out. A Comsol 4.4 application software
package (Heat Transfer, Level Set and Laminar Flow modules) was used. The geometry of the
computational domain is presented in Figure 7.

The sizes of the computational domain are 50 mm (length) and 10 mm (height). A process
simulation area was covered with a two-dimensional grid included in the computational
domain. The grid had an even pitch. The size of a cell was 0.3 mm.

A 304-L stainless steel was accepted as a model material. The stainless steel workpiece had a
composition of 18.2% Cr, 8.16% Ni, 1.71% Mn, 0.02% C, 0.082% N, 0.47% Mo, 0.44% Si, 0.14%
Co, 0.35% Cu, 0.0004% S, 0.03% P, and balance Fe. Many thermophysical characteristics of
materials are functions of temperature [51-54]. At this stage, these nonlinearities were not
taken into consideration. Table 1 specifies accepted values that were used in calculations.
Parameters of the deposition welding mode presented in Table 2. As boundary conditions for
a model example all boundaries, except for a lower one, were taken as thermally insulated. At
the lower boundary, a constant temperature of 273 K was maintained.

Figure 8 shows the distribution of temperature in a sample to be deposited 2 s later after the
beginning of a process. A melt area is marked by a line.

Attribute Designation Size Value
Liquidus temperature Ts [K] 1723
Solidus temperature Tr [K] 1673
Specific heat capacity C kg K™ 500
Density p [kgm ™3] 7000
Thermal conductivity A [W-m™ LK™ 28.9
Specific melting heat Hy KJ/kg 84

Table 1. Thermophysical characteristics of materials used in calculations [51-54].



Modeling of the Plasma 3D Deposition of Wire Materials
http://dx.doi.org/10.5772/intechopen.77153

Source strength, W Source displacement velocity, mm/s Wire feed rate, mm/s

800 5 15

Table 2. Deposition mode parameters.

Figure 8. Distribution of temperature in the course of deposition welding.

Figure 9. Weld bed formation results.

The deposition welding results obtained upon completion of a 4-s process are given in Figure 9.
This model appropriately helps to determine distributions of temperatures, melt flow rates,
pressures, components of heat flow densities, forms and sizes of weld beds to be deposited.

4. Development of the models intended to form fields of residual stresses
and deformations in products resulted in the course of additive formation
by melting wire materials with a plasma arc

The process of manufacturing of components with the use of the additive manufacturing
method is followed by complex thermo-mechanical phenomena resulting in the formation of
technological residual stresses and possible contraction of components [28, 30-32, 55-58]. The
appearance of internal stresses in an object to be produced is connected with the essential
spatiotemporal heterogeneous distribution of temperature and conversion fields. The appear-
ance of residual stresses is caused due to the fact that inelastic deformations [33] are not
consistent, first of all, temperature shrinkage deformations at cooling, structural shrinkage
due to the course of phase transformations (melt crystallization) that is notable for a deforma-
tion history of various material points because of heterogeneous temperatures, temperature
gradients and temperature velocities.

In most cases, such measures as preliminary natural validations of technologies, selection of
certain locations of components, selection of technological modes, are taken in order to
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eliminate and minimize any geometrical defects arising in the course of manufacturing of
modern components, which is a serious obstacle to organizing comprehensive digital manuf-
acturing processes.

An approach associated with creating and using mathematical and computer models of
thermomechanical behaviors of components in the course of additive manufacturing allows
us not to carry out natural experiments at a stage of design of technological process parameters
and structural parameters and to predict qualitative and quantitative characteristics of stress
conditions and contractions of future components, as well as study the effectiveness of possible
measures aimed at decreasing residual stresses and deformations (heat treatment).

Calculation of residual stresses and warpage for the wire fusion process remains the most
difficult aspect in numerical simulation. Often, the addition of material is modeled by adding
and (or) activating new elements to previously placed ones. The growth of new elements adds
additional rigidity to the existing structure and requires the gradual addition of more and
more new elements to the solution area. There are three most commonly used methods of
modeling material deposition—the so-called birth element (1), a quiet element (2) and hybrid
activation (3) [59, 60]. In the method of the birth element, the elements for the material that has
not yet been created are deactivated (and thus not included in the solution area), and then
gradually regenerated and included in the solution area. In the method of sleeping elements,
all elements are present in the calculation model from the very beginning and have artificial
properties with very low rigidity. As the details grow, the properties of these elements gradu-
ally switch to real physical properties. Finally, the hybrid activation method combines the
methods of emerging and sleeping elements, where only the current deposition layer is acti-
vated and set to a sleeping state, and all subsequent layers are deactivated [60].

For products with a relatively small number of surfacing passages, detailed modeling of each
passage in the construction of a part is permissible [35, 36]. With this method of modeling, the
heat input from the beam energy is usually applied as a volumetric heat flux whose center
moves along the trajectory of surfacing, thus representing a moving heat source. Such a
method with a moving heat source was used to model both Directed Energy Deposition
(DED) [36] and Powder Bed Fusion (PBF) [35] additive production processes. Nevertheless,
usually the product has a large number of layers, which makes it impractical to simulate each
individual passage when creating a part. To ensure greater efficiency of calculations, the
principle is used, in which the successive melting steps and even the layers are grouped
together for subsequent simultaneous activation [37, 38].

We know studies aimed at modeling additive manufacturing processes, optimizing thermal
cycles, estimating the influence of process parameters on changes in forms of finished products
[59-80].

A large volume of research has been published for PBF from various materials, ranging from
stainless steel [19, 63-65], carbon steels [78-80], nickel alloys [69-75] and titanium alloy Ti-6Al-
4V [34, 69-72, 75, 76]. By modeling residual stresses and deformations for additive technolo-
gies using wire, much less work has been published than for powder systems. The normalized
maximum residual stress is presented in [19, 64] as a function of the power, scanning speed,
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and preheating of the substrate in the construction of a thin-walled structure. In [64] 3D
sequential temperature and elastic calculations were performed using the COMSOL and
MATLAB packages. In [65], a 3D sequential temperature and elastic-plastic analysis was
performed in the SYSWELD package. In works [66, 67] the ABAQUS is used for sequential
temperature and elastic-plastic 3D analysis, deformation due to a phase transition is taken into
account. In [62, 73], the COMET program and element activation technology are used, a
thermo-elasto-viscoplastic material model is used. Additive technology Wire Arc Additive
Manufacturing (WAAM) is suitable for manufacturing parts that require a large amount of
surfacing [69, 72, 77]. In [69-72] for WAAM technology in ABAQUS software, 3D analysis is
performed, assuming the elastic-plastic behavior of the material.

To improve the efficiency of the calculations, Li et al. [78] proposed a method that displays the
local residual stress field calculated at the mesoscale level for the rapid prediction of warping
of a part. Another approach to efficient modeling warping is to use the inherent-strain method,
developed by Yuan and Ueda to calculate the deformation in welding large-sized parts [79].
The method directly applies a known proper (initial) deformation to calculate buckling and
does not require a numerical solution of non-stationary temperature and elastoplastic prob-
lems in a step-by-step formulation. Finally, Mukherjee et al. [71, 75] constructed an analytical
expression for the special deformation parameter for estimating the maximum residual strains
as a function of the linear heat release, substrate stiffness, maximum temperature, the thermal
expansion coefficient of the fusion alloy and the Fourier number, which expresses the ratio
between the speed changes in the thermal conditions in the environment and the speed of the
adjustment of the temperature field inside the system under consideration.

The numerical modeling of residual stresses and thermoshrinkable deformations at additive
formation of products with the use of wire materials melted by a plasma arc is considered
below.

In view of small deformations and negligibly small dissipative heat emission, it is possible to
divide a boundary problem of non-stationary thermal conductivity and a boundary problem
of thermomechanics with regard to a stressed-deformed state that are unrelated in such
statement. Death and birth technologies (Elements Birth and Death in ANSYS) with regard to
material parts (originally absent in a model and then added in the course of deposition) can be
used in order to solve them. At the same time, an area occupied by an already finished product
is considered as a computational one. The continuous building-up of a material is carried out
discretely, at each substage of calculation corresponding to the “birth” of a next subarea from
“dead” elements, a boundary problem of heat conductivity and thermomechanics is solved,
and a result of solution of a previous substage serves as initial conditions for a subsequent one.

At substage k, the statement of a boundary problem of non-stationary heat conductivity
according to temperatures fields T(x, t) in area Vj with boundary Sy, with accepted hypotheses
taken into consideration, includes [81]:

Thermal conductivity equation:

p(x)c(x, T) aa—?: = div(A(x, T)grad(T)) + p(x)4(x, t), x € Vi (18)
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where ¢(x, T), A(x, T), p(x)—thermal capacity, thermal conductivity and density of an unevenly
alloyed material, §(x, t) —specific strength of an external heat source.

Boundary conditions:

—A(x, T)grad(T) -n = h(T) - (T — To(t)) + e0o(T)* + Ji—; cos 0dS,, x€S (19)
Sk

where the first addend of a right part describes a convective heat transfer, and the second one
—radjiation (the Stefan-Boltzmann law); the third one—radiation from a plasmatron nozzle,
eé—blackness coefficient, 09— Stefan-Boltzmann constant, I, —source radiation capacity, r—
distance between a surface point and a source, and 0—angle that is formed by a surface
normal directed to a source, i(T)—heat transfer coefficient, T.(t) —ambient temperature, n—
external single normal to the boundary S of a body being cooled.

Initial conditions:
T(x,tox) = Tr-1(x), x € Vi (20)

where T(x, to ;) —initial temperature distribution for substage k, Ti_1(x)—temperature deter-
mined at the end of a previous one.

These relations consider that an area of study Vi = Vi°uV} remains invariable throughout a

substage. Here Vi and V{" are used to mark zones occupied by “live” and “dead” elements

respectively. At the same time, thermophysical properties of the material in the area of “dead”
elements are subject to degradation:

c(x),xe Vil << c(x,T), xe Vi, p(x),xe Vil << p(x,T), xe Vi,
A(x), xe Vil >> A(x, T), xe Vi,

An unrelated quasistatic boundary problem of mechanics of a deformable solid body, taking
into account the insignificance of a contribution of mass forces at substage k, includes [82, 83]:

Equilibrium equations:

divs =0,xeV; 1)

where 0 (x, ) —stress tensor;

Cauchy geometrical relations:

F= (Vu + (Vu)T), xeVi (22)

where u(x, t) —displacement vector, €(x, t) —total deformation tensor.
Displacement boundary conditions:

u="UxeS, i (23)
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Stress boundary conditions:

G n=P xeSy; (24)

where S, S, —parts of a boundary border with set displacements and loads respectively.

Thermomechanical properties of the material in the area of “dead” elements exclude physical
nonlinearity and are perfectly elastic with degraded values:

1C(x), xe Vil << 4C(x,T), xe VI,

where *C —the fourth-rank tensor of elastic constants of the material.

The general equation system of the deformable solid body mechanics boundary value problem
includes constitutive relations as well. To describe the viscoelastoplastic behavior of the alloy
under study, we used the Anand [84] model included to the list of ANSYS physical models.
The model has the following form:

G=1%C-(6—%r—7¢p) (25)

T
Fr(x,t) =E J a(x, T(x,t))dT (26)
Ty

where ‘C—the fourth-rank tensor of elastic constants of the material; €,(x,t) = €(x,t)—
€r(x,t) — €p(x, t) —the tensor of elastic deformations, €(x, t) —the tensor of total deformations;
€1(x,t) —the tensor of temperature deformations; €5(x, t) —the tensor of viscous deformations;
a(x, T)—the coefficient of temperature expansion of the material; Ty —the onset temperature of

temperature deformation; E—the second-rank identity tensor. The viscous deformation rate is
calculated according to the formula:

where 3(x, ) = 3(x, t) — o(x, t)E—the stress deviator; o(x, ) = g /3—the average stress; §—
the equivalent stress g = /35 : § (the following symbol “:” means a scalar product, the symbol

7z

-”, set in earlier, means a tensorial product); ép = ‘/%EB : EB—the equivalent viscous defor-

mation rate connected to the other parameters by the following formula:

ép = Ae T {sinh (5 %)]_ 27)

The model also includes the evolutionary equation:

§ = {hn(B1)" 5 beo 28)

51



52 Additive Manufacturing of High-performance Metals and Alloys - Modeling and Optimization

The equation involves a possibility of work hardening and work softening. The designations
are as follows:

. n
B=1- %; ¥ =5 [%Be%} ; o—the stress intensity; S—the resistance to deformation (scalar

function of hardening); S*—the saturation value of the hardening function; R—the absolute
gas constant; U —the activation energy; T—the absolute temperature; A, a, m, n, hy, £, S1 —the
empirical coefficients.

Taking into account behavior characteristics of the elements activated according to the tech-
nology used at ANSYS, the formulas (25) are transposed to the following form:

G=4C (F-%r—s—7%r1) (29)

where €;_1 —the total deformation calculated up to the end of k — 1-th sub-step (the current
status at the moment of activation of the element is its natural state).

As the setup of the mechanical problem (Egs. (21)-(28)) imply, the ANSYS system of hypoth-
eses does not include separation of the stress tensor into any components. The input of
separate factors to the stress field generation is covered by the corresponding deformation
types (see the formula (25)). At that, shrinkage due to phase transformation is covered by
temperature deformation with the help of corresponding adjustment of the thermal coefficient
of linear expansion within the solidus-liquidus interval.

The algorithm of calculations of temperature fields in numerical simulation of the plasma
deposition process in the finite element ANSYS package stipulates performance of the follow-
ing computational procedures:

1. To create the finite element model including volumes to be occupied by the product
divided to separate horizontal layers as well as the platform—the basis with suitable
thermal and physical properties.

2. To “kill” (the EKILL command) a part of the elements that are not involved in the real
process of building up before its beginning.

3. In the cycle of layer building up beginning from the bottom layer:

To define conditions of convective heat exchange at the upper boundary of the layer
according to the formula (19).

In the cycle of sub-steps of passing the deposition areas of the successive computational
layer:

To remove a part of the layer at its bottom boundary under the area of previously defined
conditions of convective heat exchange where available.

To activate (the EALIVE command) all elements of the k-th area.

To heat a part of the area’s elements distributed around the volume using a thermal energy
source (see the formula (18)) for a time of plasma arc impact. f,.

To remove the heat source and wait for the holding time t,.
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4. To wait until the system cools down completely (partially). Solution of a non-stationary
problem with known boundary conditions for a thermo-mechanical model, all of whose
elements are active.

The impact time of the plasma arc £,, taking into account possible overlapping of plasmatron
motion paths, is calculated according to the formula
5s

s G0

where S; = nD% /4—the size of the spot, v;—the movement speed of the plasmatron, ds—the
distance between adjacent tracks.

The holding time t,, ; for the k-th building up area is defined by the following expression:

_ Sk
T ds v,

(31)

b

where S, —the size of the area.

The specific capacity of heat emission on the surface of the heated spot of the deposited
material is defined according to the following formula:

Wr =K -W/S; (32)

where W —the capacity of the plasma arc, K—the heating fraction of the capacity.
The specific volumetric capacity of the heat source used in the Eq. (18) has the following form:

W-K
Ss - h

G=4qg-Sk/Vi= (33)

where Vi —the volume of the deposited area, i —the thickness of the layer. Thickness of the
deposited layer hy is defined on the basis of experimentally observed total height of the
deposited part of the product and actual number of layers.

The discrete model of the computational domain is similar to the model of the heat conductiv-
ity problem above. Before calculation, the Solid279 heat element is replaced with Solid286,
which uses displacements as the degrees of freedom, and thermomechanical properties are
added. The algorithm is similar to that of Item 4.1.:

1. To “kill” (the EKILL command) a part of the elements that are not involved in the real
process of building up before its beginning. To define boundary conditions in displace-
ment (e.g. fixation along the cutting plane, vertical fixation in entrapment zones etc.).

2. In the cycle of layer building up beginning from the bottom layer:

In the cycle of sub-steps of passing the deposition areas of the successive computational
layer:

To activate (the EALIVE command) all elements of the k-th area.
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To implement temperatures, previously calculated for that moment of time, to the units of
the model for the impact time of the ray ¢,.

To implement temperatures, previously calculated for the end moment of the holding
time, and hold for t,,; seconds.

3. To read the temperature field for the period of partially cooldown of the system, to
calculate SSS.

4. To implement the ambient temperature, to release the entrapment, to calculate SSS.

After that we performed preliminary verification of the mathematical model and numerical
algorithm for solution of the three-dimensional problem of metal products manufacturing using
plasma deposition of wire materials. For the reference we took the results of the experiment for
wire deposition on a metal base using arc surfacing in shielding gases with a tungsten
(nonconsumable) electrode as described in the Article [85]. Figure 10a shows the plate in ques-
tion with the dimensions of 275 x 100 x 12 mm. We build up a metal rib with the length of
165 mm and the cross section showed in Figure 10b on the upper surface of the object.

The arc deposition process is performed in 2 steps. The first step involves preliminary heating
of the base plate that is performed by torch back and forth movement with the speed of
vs = 5 mm/s and the impacted area that is 1.5 times larger than the base area of the deposited
rib. Power consumption of the torch is W =2.7kW, diameter of the spot is D; = 6mm.
Subsequent deposition is performed in 10 layers along a continuous path (the process con-
tinues backward).

55
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(b)

Figure 10. Product view illustration after the experiment with fixation and sensor systems (a), dimensions of the
deposited area at the cross section, mm (b) [85].
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Figure 11. The discrete model of the building up problem.

Figure 11 shows the finite element model of the problem. 20-unit isoparametric Solid 279
elements were used for solution.

The Inconel 718 nickel alloy was used as the material for calculation [86].

Thermal and physical properties of the material were taken from the Article [87]. In addition to
the above, according to the data, represented in the Article, the density p = 8170 kg/m3 and
thermal conductivity A = 30 W/(m K) were deemed as constants. Temperature dependence of
the enthalpy H(T) is presented in Figure 12. Heat capacity of the material, included in the
thermal conductivity equation, was calculated according to the formula ¢(T) = dH(T)/dT. It
should be noted that variations at the arc H(T) in the range of 1500-1600 K in Figure 12 arise
from heat emission during solidification of the alloy. Heating fraction of the plasma arc
capacity K was set to 0.2 for calculation.

Identification of the chosen Anand model (25)-(28) for the material under study was
performed according to the data of the stretch experiment with the defined speed at different
temperatures represented in the Article [87].

The required constants of the model were defined in several steps by the downhill simplex
method in the Matlab package. At that, relative disparity of computational and experimental
values of voltage in Diagram ¢ — ¢ (Figure 13) was minimized.

As the result, the following values of material constants were obtained by the authors of this
publication:

So=2.0447e + 05 Pa, U/R =2.0864e + 03, £ =0.3335, A =2.5008e + 04, m = 0.4363, hy = 4.0352e + 06,
S1=3.2148e + 07 Pa, n =0.2273, a = 0.4461.
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Figure 12. Dependence of the enthalpy H(T), k]/kg, from the temperature T, K, for the alloy Inconel 718.
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Figure 13. Comparison of experimental (dots) and computational values of voltage in unconfined stretch tests at the
temperatures of 720, 850, 900, 1150°C (top-down).

Figure 13 shows that relative error of the calculation does not exceed 10%. The material was
considered as isotropic. The Young’s modulus of elasticity and the Poisson ratio were equal to
153 GPa and 0.32 respectively and not dependent on temperature [80]. The average value of
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CLTE at the temperature range up to the solidus temperature & is 6.5 x 10°° K'. The lineal
shrinkage on the interval between solidus and liquidus temperatures is 0.3% and included in
the temperature dependence «(T). Hardening and softening effects, accompanying the build-
ing up process, are included into the Anand model.

The main results of the calculations were given in [88]. Verification was performed using the
experimental results obtained in the paper [86, 87]. Figure 14 shows the layout of temperature
sensors in the investigational studies mentioned above.

In this case sensors No. 2, 3, 5, 6 were placed on the upper surface of the base plate, and No. 1
and 4 were placed on its bottom surface. Initial direction of the torch movement is from right to
left. Figures 15-17 show graphs of temperature evolution at the given points.

The figures show that the qualitatively retrieved data comply with the experiment. The
worst quantitative match is observed at points on the down plane of the base close to
the heating area (points 1 and 4, Figure 15). In addition, the curves have oscillations and the
temperature is below the ambient temperature at some points. All in all, the experimental
graphs are below the computational graphs. The oscillations can be explained by proximity
of the heating area and, consequently, heavy temperature gradients substantially altering the
result at a fairly coarse mesh. Higher heating level in the experiment may be also caused by
failure to take account of the torch heat radiation expanded far beyond the computational
size of the spot.

Precision of the computational data is substantially higher at other measurement points
(Figures 16 and 17). The maximum absolute disparity does not exceed 25°C.
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Figure 14. The layout of temperature sensors.
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Figure 15. The temperature, °C in points 1 (red lined) and 4 (black lines). Thin curves show the experiment, thick curves
show the calculation.
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Figure 16. The temperature, °C in points 2 (red lined) and 6 (black lines). Thin curves—the experiment, thick curves—the
calculation.
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Figure 17. The temperature, °C in points 3 (red lined) and 5 (black lines). Thin curves—the experiment, thick curves—the
calculation.
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Figure 18. Temperature distribution, K (a) t =291s, (b) t = 506 s.
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Figure 18 shows by way of illustration the temperature fields at the moment of the end of
preliminary heating of the base plate (Figure 18a) and of the end of the fourth layer (Figure 18b).

Figure 19 shows the results of solution of the deformable body mechanics problem and
residual displacement at central cross sections of the plate. The figure shows that the residual
contraction of the structure can be estimated with acceptable accuracy. It was predicted that
the plate will be bowl-shaped with the height of the ribs about 1 mm. The minimum compu-
tational accuracy is at the cross section where the relative disparity of the height runs up to
20%.

Figure 20 represents the distribution pattern of residual characteristics in the structure.

Figure 20a shows that the longitudinal bend dominates. The transverse bend is almost 10
times lower. The maximum intensity of residual stresses is observed at the contact area of the
deposited material and the base.

The stresses are calculated at every step of solution of the quasipermanent boundary deform-
able solid body problem (Eqgs. (21)-(28)). Figure 20b represents distribution of residual
stresses, i.e. the stresses observed in the structure at the end of the production process and
complete cooldown to the ambient temperature.

The model of thermomechanical behavior of the sample, created by the additive fabrication
method, is designed for evaluation of strain-stress state of the sample and its contraction as
well as for definition of parameters of the production process ensuring low contraction and
residual stress. The model can be combined with other mathematical and numerical models

Relative residual displacement, mm

0.05 0.1 015 02 025 03

Characteristic size, m

Figure 19. Relative residual displacement, mm, at longitudinal (blue lines) and cross (black lines) sections of the plate on
its bottom surface. Thin curves show the experiment, thick curves show the calculation.
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Figure 20. Vertical displacement in the structure after its cooldown and release, m (a), residual stress intensity, Pa (b).

including the temperature and conversion model specifying distribution of the variable tem-
perature field inside the sample.

The model may be included into a computer-aided expert system to forecast the results of
additive fabrication of large-sized components.

5. Conclusions

1. We defined the mathematical problem (model) of heat and mass transfer in the process of
additive fabrication of products by fusion of wire material using plasma (electric) arc and
concentrated energy sources with asymmetrical wire feed. The model describes transient
nonequilibrium adjoint heat and mass transfer processes in molten metal with free surface,
includes differential equation of viscous fluid movement (Navier-Stokes equations) with

61



62 Additive Manufacturing of High-performance Metals and Alloys - Modeling and Optimization

convective terms in laminar current, takes into account the Marangoni effect on the surface
of melt, and allows to calculate volume distribution of temperatures, melt flow speed,
pressure, shape and dimensions of the molten pool, shape of the molten metal free surface,
shape and dimensions of the deposited bead. We also defined potential uses of the models.

2. We suggested approximation of the wire feed process by mass inflow on the metal-gas
edge. To describe movement of the molten-solid metal interface, one can use any of the two
following methods: the Level-Set method or the Arbitrary Lagrangian-Eulerian method
(ALE).

3. We described the heat source when using a plasma arc of various electrical polarity. In the
process of deposition with reverse polarity, the plasma source is represented by a combi-
nation of the source of the heat, transferred by the plasma flow, with Gaussian distribution
and a uniformly distributed source in the area of cathode spots impact. The energy relation
between the sources is defined by experiment. We preselected the approximating formulas
which describe influence of technological parameters of plasma arcs on distribution of heat
flow density in the source.

4. We suggested the mathematical 3D-model of the additive product fabrication process by
deposition of wire material.

5. We developed and implemented in the form of an APDL program in the ANSYS package
the algorithm for estimation of unsteady temperature fields and strain-stress state of the
structure in the process of its generation by arc 3D-deposition of wire materials.

6. The experimental information of other authors was used to identify the thermal-physical
and thermomechanical properties of the material —the Inconel 718 nickel alloy.

7. Verification of the model showed required accuracy of the results.

8. The represented example of application of the model and its numerical implementation in
the ANSYS package shows that the chosen approach is reasonable and allows to obtain
acceptable numerical results properly describing real effects and processes in the objects
created by the method of additive volume generation. More accurate verification proce-
dure for the suggested mathematical model showing its accuracy and limits of applicabil-
ity on the basis of experimental studies of residual stresses and thermoshrinkable
deformations of model products manufacturing using the method of additive part fabrica-
tion by fusion of wire material with an electric arc and concentrated energy sources will be
represented in future studies.
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Abstract

Presently the additive technologies in manufacturing are widely developed in all indus-
trialized countries. Replacing the traditional technology of casting and machining with
additive technologies, one can significantly reduce material consumption and labor costs.
They also allow obtaining products with desired properties. The most promising for
manufacturing large-sized products is the additive technology of high-speed direct laser
deposition. Using this technology allows to create complex parts and construction to one
technological operation without using addition equipment and tools. This technology
allows decreasing of consumption of raw materials and decrease amount of waste. Equip-
ment for realization of DLD technology is universal and based on module design princi-
ple. DLD is based on layer-by-layer deposition and melting of powder by laser beam from
using a sliced 3D computer-aided design (CAD) file. The materials used are powders
based on Fe, Ni, and Ti. This chapter presents the results of machine design and research
HS DLD technology from various materials.

Keywords: high-speed direct laser deposition, additive manufacturing, stability of
process, equipment, structure, properties

1. Introduction

New manufacturing technologies are incorporated into most areas of engineering: aircraft
industry, shipbuilding, medicine, engine construction, etc. Existing requirements for its
demand are more energy efficient and have environmental compatibility; additive technolo-
gies meet both criteria. The intensive development of additive technologies in recent years
makes it possible to improve the methods of manufacturing and processing products [1-5].
They allow saving expensive raw materials in comparison with classical production methods,
during which up to 90% of the material can be removed. The issue of cost reduction is
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especially relevant in knowledge-based industries (gas turbine engine construction, aviation,
space exploration, etc.). Selective laser melting (SLM) technology has already been implemented
in production in many countries of the world [6, 7]. However, SLM technology is limited by its
inability to manufacture large-sized products and low productivity.

The main trend in the development of additive technology is to increase productivity while
maintaining the required quality of the product. The most promising technology of product
manufacturing is direct laser deposition analogue direct metal deposition (DMD), when the
product is formed from a powder, which is supplied by compressed gas-powder jet directly
into the laser action zone [8-11]. The jet can be as coaxial and as non-coaxial to focused laser
beam, which provides heating and partial melting of the powder and heating the substrate.
This technology allows to include a mixture of powders into the gas-powder jet and to change
the composition of powders during the process.

The developed technology and equipment have several advantages in comparison with
existing analogues. There is a high productivity of DLD process for the manufacture of real
parts and products: up to 2.5 kg/h for nickel and iron alloys, up to 1.2 kg/h for titanium alloys.
For similar equipment, the productivity is 2-3 times less [12-14]. There are experimental
stands with the same high productivity (up to 2 kg/h), preferably [15]. The main feature of the
developed equipment is a modular assembly type, which allows to modernize the installation
at the customer’s request. This is the first Russian technology and equipment for the imple-
mentation of additive production.

Complex studies were carried out to understand the relationship between the parameters of
the process and the optimization of the technology for obtaining products with specified
characteristics. As a result of the research done, the theory and technology of high-speed direct
laser deposition are developed. Also a number of machines with various sizes are made for the
implementation of this technology. Investigations for powder materials based on iron, nickel,
and titanium demonstrated the possibility of obtaining high-quality parts and products. Also,
the possibility of working with cermet materials is shown. The research results showed that
developed technology of direct laser deposition can replace the currently used technologies,
providing multiple increase productivity and material savings, in spite of its technological
complexity.

2. Theory of high-speed direct laser deposition

The processes that occur during high-speed laser deposition depend on a large number of
distributed parameters which effect on the result [8]. An important aspect of the study is the
stability of the direct laser deposition process. Previously, the authors studied the root peak
formation in welds during the process of laser welding using highly concentrated energy
fluxes. According to the present knowledge about the physical nature of these processes, the



Theory and Technology of Direct Laser Deposition
http://dx.doi.org/10.5772/intechopen.76860

reason for instabilities is self-oscillations of the weld pool [12-19]. Different experimental data
confirm this idea [16, 19].

The stability of surface formation in the process of direct laser deposition is determined by the
complex of physical processes occurring on the surface of the molten pool, which moves with
high speed along the deposited product at a constant flow of matter to its surface. Hydrodynamic
stability of melt flow in semiliquid bath, formed by substrate melting under laser beam heating
and powder income, depends on driving force, which leads to melt motion. The main driving
force for melt motion relative solid substrate in DLD process is Marangoni effect. Therefore
velocity of liquid relative solid phase is determined by the rate of the thermocapillary flow [20].
To make the analysis more clear, it is convenient to confine to analyze practically interesting case,
when the molten pool length “L” is much greater than its width “b” and depth “H,” which
depend on parameters of deposition mode. Then analysis of the equation of continuity of the
melt allows us to conclude that the “longitudinal” velocity component v, directed along the axis
of the laser beam motion relative to the target is much larger than transverse components v, and
v, so we the boundary layer like flow. So that equation of the motion can be written in our case as

vy vy 10p 9%,

o T T o o2

1)

At the “bottom” of the molten pool, which coincides with the previous layer surface, the
“sticking” condition is fulfilled v,|,_, = 0; on the surface, the continuity condition of the tangen-

L. .y = %, where o is the coefficient of surface tension.
Assuming that at the front of the melt pool the surface temperature close to the boiling one and
the surface tension value close to “0,” taking a linear law for the temperature drop to the “tail” of

the melt pool, one can write

tial component of the stress tensor is 7
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It is possible to get after a number of transformations that with the consideration of Marangoni
force, Eq. (1) can be written in the next shape:
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o % T pr Ure T 2pLE ®)

One can use the mass conservation condition to connect the melt velocity v, with position of
the melt pool surface. Let C be the height of the perturbation on surface. In our case, the mass
flux coming to the melt surface with the gas-powder jet must be taken into account. One can
denote the incident mass flux density on melt surface as j (x, C). Suppose C < < H, it is possible
to write the continuity condition of the mass flux as

0x H ot Hp  Hp ox

O, 1 jx,0) | 1 9j(x) @
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Figure 1. Geometry of the melt pool surface motion.

“"_ 1

One can determine the Laplace pressure in the liquid “p” and the additional pressure, which is
related to the perturbation of the melt pool surface (, taking into account that p = o/R, where R
is the radius of surface curvature (Figure 1).

The one-dimensional model of thermocapillary flow does not allow introducing the effects of
the influence of grown wall thickness on change in the shape of its surface. For that, we need to
introduce a “transverse” dimension. Analysis of term scales in the continuity equation show
that melt velocity in “transverse” direction is negligible but pressure changes can be signifi-

cant. Therefore, when { << H, one can get R=b + g—z, and for pressure it is possible to obtain
~o_ ol

PEE o

Considering it, one can write Navier-Stokes equation in the two-dimensional case as

do, du, _063C o 30 0 QX
2pLH ' pp® Ox

= =T 3= 5
o ox . pad IR ©)
In the steady-state approximation, with consideration of mass flux conservation, this equation
can be simplified as
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The boundary conditions for this task are givenby (=0atx=0,%| =0,% 0.

7 oxlx=0 7 uxly=L —

Solution of this problem can be written as
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where G = ”—”‘Z:H, A= 5l +308% + i)

At the rear part of the melt pool at x = L for the value of {, we get

H2 %
C|x:L =A (E)

Let us analyze this expression. Depending on the sign of “A,” which depends on what is more—
underestimation of the surface due to thermocapillary acceleration of the melt flow or its
overstating caused by the input of a new material with a gas-powder jet; formation of dimple
and humps on melt pool surface is possible. The height of the hump, depending on the speed of
the process and the length of the melt pool, can significantly exceed the depth of the melt pool H.
Such modes are most dangerous from the point of view of unstable surface formation, but it is
impossible to analyze this case using the approximations of the “boundary layer” and the
smallness of “C.” This analysis is a theoretical description of the process of forming the profile
of the melt pool surface, taking into account the capillary phenomena and the flow of material
that the gas-powder jet brings. For the analysis of nonstationary phenomena leading to instabil-
ity of the growing process, it is necessary to keep the “nonstationary” terms with time deriva-
tives in the equations and to analyze the stability of the “quasi-stationary” behavior.

®)

L . 1-Ch(VGL)
2t el

We derive an equation describing the dynamic behavior of the local excess of the “C” melt pool
surface above the “quasi-stationary” surface calculated above. We use the nonstationary
Navier-Stokes Eq. (5) and the continuity of the flow Eq. (4) for this purpose. Suppose that

v (X, t) = vo(x) + vi(x, t) )

assuming that v; (X, t) < vo(x). Then, obviously,
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C0xt) = C(x) + Ga(x. ) (10)

where ((x) is given by expression Eq. (7). Taking this into account, we obtain from Eq. (10)

dvi 135 | 1 9j(x)

Ox Hot Hp ox

G (11)

After substitution of Egs. (8) and (9) to Eq. (4), taking into account Eq. (10) and the fact that for
vp and C expression Eq. (4) is identity, one can obtain an equation for nonstationary addition for
flow velocity:

d;  dy oy oG o WG o GO, vy
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(12)
By differentiating this equation with respect to (x), taking into account Eq. (11), giving similar
and neglecting small terms, we arrive to an equation that describes the dynamic behavior of
the excess of the growing surface over a stationary value:

5 4 2 N2 2 i ]
X4 oHY'C, oHP¥CG G (2 0113( ) a]> +Cﬁ < 30 1%) (13)
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A p ot 2P W2 ox Hp  pox

where L is the length of the melt pool, which is determined from the solution of the heat task.

We use the linear theory of stability and look for the solution of this equation in the form
C1 = Coexp (i(wt — kx)), where Cy is the constant amplitude and w in turn can be represented as
w = Q + iy, where Q) is the true frequency and v is the increment (or decrement) of oscillations.
Substituting these projects into Eq. (13), we obtain the characteristic equation, which, by
neglecting the short-wave capillary ripple in the first approximation, the effect of the viscosity
of the melt and the change in its flow velocity due to the thermocapillary effect, we obtain:

o=, /2 (14)
2p 1

; .
. <2 o _ E% (14)
\/%H pb’L  p Oz

Thus, we come to the conclusion that, for v <0, an oscillatory instability with frequency Q and
an increment y occurs at the surface and for y > 0 the oscillations will decay with the decre-
ment y. The condition of stability, obviously, is the fulfillment of the inequality:

) oH? 9

wb’L < 3 (15)

Thus, the critical value determining the stability (or instability) of the process of growing is the
magnitude of the gradient of the particle flux density in the gas-powder jet along the normal to
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Figure 2. Scheme of stabilization process.

the growing surface. This fact is easy to understand —to stabilize the position of the surface, it
is necessary that when it moves upward relative to a stationary value, it would fall under a less
dense stream of particles, which would reduce the thickness of the deposited layer, and with
shifts downward, under a denser flow, which would increase its thickness and, accordingly,
would extinguish the perturbations that arise, as shown in Figure 2.

Obviously, for the stability of the process, it is also necessary that the length of the zone in
which condition Eq. (15) is satisfied should be greater than the thickness of the layer deposited
in one pass. In quantitative analysis, it should also be taken into account that not all particles
adhere to the growing surface, so it is necessary to have a gradient value somewhat larger than
that given by expression Eq. (15). Thus, a linear analysis of the stability of the process of direct
laser deposition process allows us to conclude that stable growth is possible only at the
position of the grown surface above the waist of the gas-powder jet, and the necessary
condition for stability is the fulfillment of inequality Eq. (15).

3. Technology and equipment of direct laser deposition process

Direct laser deposition technology makes it possible to create complex parts and structures in a
single technological step without the use of additional equipment, rigging, and adjustment of
equipment [8, 21]. It is a complex technology, which is characterized by a multitude of process
parameters. All the variety of parameters can be divided into managed and unmanaged [22].
Managed factors include process parameters such as laser power, nozzle type, traverse speed,
powder feeding, spot diameter, layer height, powder fraction, selectable path, and rowing
thick walls; it is also necessary to take into account the value of their overlap. Process could
proceed in high purity Ar atmosphere for sensitive materials as titanium alloys. Also it is
possible to get product under local protective atmosphere for less sensitive materials like some
stainless steels. Uncontrollable factors include environmental pressure and other physical
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conditions of the environment and quality of the raw powder materials. Especially it is
necessary to take into account the thermophysical and technological properties of powder
alloys.

Direct laser deposition is a multiparameter process; therefore the results of the process are
affected by a complex of technological parameters [8, 23]. Among these parameters, it is
possible to identify the main characteristics, which primary determine the course of the pro-
cess [24]. The basic part of process parameters is described in Table 1, where the first four
points are the main parameters.

On the basis of theoretical and experimental studies, equipment (Figure 3) was developed,
which realizes DLD process. This is the first Russian equipment for realization of direct laser
deposition technology.

The technology realized with this equipment solves a number of problems for modern engi-
neering, improves process efficiency by 10 times, and reduces the cost of manufacturing parts
by 3-5 times. Benefits of implementing the DLD are:

*  Productivity of manufacturing parts with complex shapes from intractable materials
increases.

¢  Full automation and “digitalization” of manufacturing.

¢ Raw material consumption decreases.

¢ Cost saving.

*  Enhancement of technological and engineering capabilities.

The equipment is universal, and based on the principle of modular construction, without using
accessory devices and bed structures, it is possible to obtain details of any designs and
complexity at the request of the customer. The developed equipment can be operated in a
chamber filled with protective gas, which completely eliminates the oxidation of metallic

Process parameters Productivity Process Usage Roughness Depth
stability rate penetration

Laser power Minor Minor Major Minor Major
Spot diameter Major Minor Major Minor Major
Traverse speed Major Major Major Minor Major
Powder feeding Major Major Minor Minor Major
Layer height Minor Major Minor Major Minor
Shielding gas rate — — Major Minor —
Powder fraction Minor — Major Major —
Distance between Nozzle and focus of gas- Major Major Major Minor Minor
powder jet

Table 1. Process parameters of direct laser deposition technology.
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Figure 3. Developed equipment for realization of DLD technology.

materials. A technological tool that combines a laser optical head and a powder nozzle is
mounted on an industrial robotic manipulator [23]. As a result, the maximum size of the
manufactured product is unlimited. The positioner table used for moving the product is also
engaged to increase the technology’s capabilities.

During the development of the equipment, special attention was paid to the design of the
nozzle [24, 25]. It forms a gas-powder jet and thus has determining effect on DLD process. In
the investigations, two types of nozzles were used (Figure 4): axisymmetric (or coaxial) and
axially asymmetric (lateral or non-axial).

The main disadvantage of the lateral nozzle is shape constancy of deposited layer only in one
direction, for example, straight line with moving laser head or the body of rotation with
rotating substrate (Figure 4a). Therefore, despite its high productivity, it is almost used in the
manufacture of equipment. For the developed equipment, the four-jet and annular gap pow-
der nozzles were used.
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(a

Figure 4. Lateral nozzle (a), coaxial four-jet nozzle (b), and coaxial annular gap nozzle (c).

Technological heads equipped with coaxial nozzles are characterized by independence of
technological parameters from the direction of tool movement. This allows using complex
processing trajectories and obtaining products with complex geometry. Multiple jet nozzles
have from three up to six separate channels, which form powder jets. Its design is more
complex but allows more flexibility for powder jet control (Figure 4b). During processing, the
junction area of jets is located near molten pool, which is formed by a laser beam passing
through the central hole of the nozzle. Annular gap nozzles are more technologically advanced
(Figure 4c). Gas-powder jet is supplied through a gap between two conical surfaces that direct
and focus it. Due to the uniform distribution of the powder along the circumference of the
annular gap, a high degree of symmetry and isotropy with respect to the direction of motion is
achieved. The developed nozzles were used to make a number of machines that realize DLD
process.

As a result of the theoretical, technological, and design work, a general principle of
constructing the equipment was carried out (Figure 5).

Below the components of the complex for the implementation of the direct laser deposition
process are listed:

1. The two-axis positioner

Working chamber

Laser head

The robotic manipulator

Preparation and supplying gas system
Gas cleaning and drying device

The fiber laser

S T

Chiller



Theory and Technology of Direct Laser Deposition
http://dx.doi.org/10.5772/intechopen.76860

Figure 5. The general scheme of equipment for DLD process implementation.

9.

10.
11.
12.
13.
14.
15.

Cooling system

Control stand

The powder feeder

Control system

Video surveillance system

Monitoring system for processing area

Nozzle

The developed technological complex allowed to manufacture products with a traverse speed
of up to 60 mm/s and a productivity of 2.5 kg/h.

4. Structure and properties of manufactured products

As a result of the theoretical and experimental studies, the parameters of the process for
manufacturing products are carried out, using different metal alloys, which are based on
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nickel, iron, and titanium [8, 21, 26, 27]. Using optimal parameters of DLD process allows
preparing samples without such macrodefects as cracks and pores (Figure 6).

However, in case of violation of the selected modes, porosity, cracks, and lack of fusion may
appear. The main reason for the occurrence of large pores (more than 100 um) is the low
quality of the shielding gas or work with local protection. Smaller pores could appear because
of low quality of powder [21]. Powders obtained by plasma rotating electrode process (PREP)
allow to produce samples of lower porosity as compared with the gas atomization. Powders
obtained by gas atomization may contain internal pores. It is also possible for them to form
with improperly selected modes, which lead to too high cooling rates. Examples of pores in the
samples are shown in Figure 7.

Figure 6. Deposited samples without macrodefects: left—Ti-based alloy and right—Ni-based alloy.

00 pm

Figure 7. Pores in samples, material Ni-based alloy Inconel 625.
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Most often defects are lack of fusion, which have a more negative effect on mechanical
characteristics than pores. Small lack of fusion results because of using oxidized powder or
contaminated powder. Also, their number increases significantly using local protection, rather
than full filling the chamber with shielding gas. Examples of lack of fusion are shown in
Figure 8.

Lack of fusion is also detected at the deposition of thick-walled products. The appearance of
such lack of fusion is due to the lack of energy. They are found in the samples grown at low
power, a small size of spot diameter. The size of the overlapping layers also affects, but it has
less influence and strongly depends on spot diameter. In Figure 9 lacks of fusion in thick-
walled samples are shown.

In the process of deposition, cracks can also appear, especially in those nickel alloys that are
prone to their appearance. For all products obtained by direct laser deposition process, the
cracks are an impermissible defect; such products are rejected.

Figure 9. Lacks of fusion in thick-walled sample, material Ti-based alloy Grade 5.
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The microstructure of the samples obtained has a finely dispersed, predominantly cast
structure. Features of structure formation for the different metal alloys using this tech-
nology were studied in detail by the authors. The results of research presented by the

MEEAY TRRCAN

Figure 10. Microstructure of deposited samples: (a) 316 L steel, (b) Ti-based alloy analog Grade 35, (c) Inconel 625, and (d)
Ni-based alloy analogue Mar-M200.
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Material Yield strength (0,2% Offset), MPa Ultimate Tensile strength, MPa Elongation, %
Inconel 625, DLD 489 865 28.5
Inconel 625, cast [31] 310 800 25
Analogue Mar-M200 alloy, DLD 1046 1353 11.5
Analogue Mar-M200 alloy, cast 1075 1108 2.9
Analogue Grade 35 alloy, DLD 882 968 6.6
Analogue Grade 35 alloy, cast 876 951 6.4
Analogue Grade 5 alloy, DLD 1040 1120 8
Analogue Grade 5 alloy, cast — 880 4
316 L, DLD 272.5 570 41
316 L, cast [31] 177 441 25

Table 2. Mechanical characteristics of deposited and cast samples.

authors in the articles [26-30]. In Figure 10 microstructure of different alloys is
presented.

Comparing with cast samples, the products that are manufactured by direct laser deposition
technology have ultrafine structure. It provides high level of mechanical characteristics
(Table 2). Mechanical tests were conducted for a greater number of different alloys; the main
results are given in Table 2. The materials were tested on uniaxial tension; universal testing
machine Zwick/Roell Z250 Allround was used.

5. Conclusions

The results of researches show that the developed technology of direct laser deposition, in spite
of its technological complexity, can replace the currently used technologies, providing multiple
increases in productivity and material saving.

*  Direct laser deposition is technology for manufacturing of details with complex form from
powder materials using 3D model. It has potential use for different materials in a single
part and obtaining details with gradient properties. Using equipment, which realizes this
technology, it is possible to produce details of any size.

*  The process productivity is 10 times higher in comparison with layered synthesis technol-
ogies like SLM. Mechanical properties of the obtained products are much higher than the
characteristics of the cast metal; there are no pores and cracks and is no lack of fusion.

¢  This equipment has a maximum capacity in comparison with existing analogues: up to
2.5 kg/h for metallic materials.

¢  This is the first Russian technology and equipment for the implementation of additive
production.
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Abstract

In this chapter, we present a detailed introduction to the factors which influence laser
powder bed fusion (LPBF) on oxide ceramics. These factors can be in general divided in
three main categories: laser-related factors (wavelength, power, scanning speed, hatch
distance, scan pattern, beam diameter, etc.) powder- and material-related factors
(flowability, size distribution, shape, powder deposition, thickness of deposited layers,
etc.), and other factors (pre- or post-processing, inert gas atmosphere, etc.). The process
parameters directly affect the amount of energy delivered to the surface of the thin layer
and the energy density absorbed by the powders; therefore, decide the physical and
mechanical properties of the built parts, such as relative density, porosity, surface rough-
ness, dimensional accuracy, strength, etc. The parameter-property relation is hence
reviewed for the most studied oxide ceramic materials, including families from alumina,
silica, and some ceramic mixtures. Among those parameters, reducing temperature gradi-
ent which decreases the thermal stresses is one of the key factors to improve the ceramic
quality. Although realizing crack-free ceramics combined with a smooth surface is still a
major challenge, through optimizing the parameters, it is possible for LPBF processed
ceramic parts to achieve properties close to those of conventionally produced ceramics.

Keywords: LPBF, SLM, SLS, ceramic, additive manufacturing, AM, processing
parameters

1. Introduction

Laser powder bed fusion (LPBF) is an additive manufacturing process that uses a laser beam to
fuse powder particles in a layer-by-layer fashion, which allows production of complex three-
dimensional (3D) structures. LPBF includes selective laser melting (SLM), where powder is
fully melted, and selective laser sintering (SLS) for other cases such as solid state sintering,

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIEN
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liquid state sintering, and partial melting [1]. The main advantages of LPBF are time efficiency
and the capability to build geometries that would be unattainable through traditional tech-
niques. LPBF has revolutionized manufacturing by offering great design freedom for 3D
structures to be built directly from feedstock powders without additional processing. Intro-
duced in the late 1980-1990s [2—4], the LPBF process was initially applied to metals, and later
to polymers, ceramics, and recently, to semiconductors [5, 6].

This chapter focuses on laser powder bed fusion of ceramic materials. Typical ceramics are
strongly bonded inorganic and non-metallic solids such as crystalline oxide, nitride and car-
bide materials. Sometimes non-crystalline or partially crystalline glass is also referred to as
glass-ceramic. Ceramics feature excellent strength and hardness, good abrasion resistance,
high melting temperature, high chemical stability, low ductility, and low electrical and thermal
conductivities.

A classification of processing techniques for ceramic materials is summarized in Figure 1.
Ceramics cannot be shaped by the conventional forging and machining formation. They are
usually formed through multi-step processes [7]. The shaping process begins with powder
mixtures that contain binders and stabilizers. The next step is shape forming which includes
extrusion, slip casting, pressing, tape casting, and injection molding. The last step is sintering

Ceramic Forming Techniques

Conventional Manufacturing

Slip casting | | | Tape casting ||| Pressing

Direct
consolidation

Injection
moulding

l

Additive Manufacturing

Binder-based

Extrusion

Sintering/Melting

LOM

SLA

FDM

SLS

SLM

Robocasting

3D Printing I Inkjet
' printing

Figure 1. Classification of processing techniques for ceramic materials. Reprinted from [14], with permission of Taylor &
Francis Group, LLC.
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at high temperatures. These traditional processes involve molding and tooling, have high cost,
and limit the device geometry that can be produced.

Additive manufacturing on ceramics has been developed in order to overcome some of subtrac-
tive manufacturing’s shortcomings, especially with respect to high tool wear, size shrinkage, and
difficulty creating complex structures. Additive manufacturing includes binder-based, extrusion-
based, and powder-based (LPBF) techniques. Among these, LPBF offers the opportunity for fast
and direct fusion without costly post treatments and toxic binders which are often required by
other techniques. LPBF-produced ceramic parts have potential to impact several applications
such as medical and dental components [8-10], metal casting molds [11], thin wall structures,
turbine blades, nozzles [12], and thermal or electrical insulation [13].

While LPBF enables rapid manufacturing of ceramic parts with complex structures, there are
two technical limitations. First, ceramic powders, as compared with metals, often flow poorly,
resulting in imperfect spreading on the powder bed surface. Second, and more importantly,
highly localized heating combined with ceramics” intrinsic low thermal conductivity often
leads to large temperature gradients that result in residual stresses and deformation. Com-
bined with ceramics’ brittleness, the two limitations can result in cracking, lack of fusion,
rough surfaces, porosity and less than full density. Due to these challenges, current results for
LPBF of ceramics are far from satisfactory.

There are several excellent reviews for SLS/SLM of ceramics [7, 10, 14-23]. However, many of the
SLS/SLM processing factors such as laser power, layer thickness, or powder bed preheating are
still poorly investigated or need to undergo a systematic review. Key insights about process
parameters have not been transferred into industry. This chapter provides an introduction to
LPBF of common ceramics. The chapter is organized as follows. The first part introduces the
main procedure and tools for LBPF. Following that, the second section introduces laser parame-
ters, powder parameters, and other factors for the LPBF process, as well as a few physical
properties concerned in ceramic applications. The third part discusses how the processing
parameters and other factors influence the physical properties of the manufactured parts as well
as the general rules for parameter selections. Then the fourth part illustrates some of the most
widely studied ceramic materials processed by LPBF, including the state of art achievements. The
final two sections summarize the perspectives and the common LPBF challenges for ceramics.

2. Processing parameters and characterization

A basic LPBF system consists of three parts: laser system, powder bed, and spreading system.
The laser system includes a laser and a scanner. In order to heat and melt the material, the laser
beam has to focus onto the powder surface and be absorbed by the material. The scanner
enables the laser to move in a two dimensional plane. The powder bed is a container for the
ceramic powders; it usually has adjustable height to allow laser focusing on the newly formed
surface. The spreading system often includes a slot feeder to spread fresh powders and a roller
or a scraper blade to flatten the surface.
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Scanner

I.a!iir

Roller .

Powder bed

Figure 2. Illustration for basic LPBF procedure.

A typical LPBF setup is illustrated in Figure 2. Powders are spread onto the building platform
and flattened by a roller, a scraper blade or a combination moving over the surface. The new
powder surface moves down one layer thickness to maintain the desired laser focus. The 3D part
is decomposed to a number of planes to be processed; each plane consists of a series of basic
elements of laser scanning, called vectors. The scan pattern, or the orientation and distance
between vectors, is pre-designed. The laser then scans the flat surface of loose or slightly
compacted powders following such patterns and selectively melts the illuminated powders.
Those powders are quickly solidified after the laser moves away. After that, another layer of
powder is deposited and welded, and the process is repeated until a 3D structure in the desired
shape and thickness is formed. During the process, unprocessed powder from each layer fills the
empty space in the fabrication chamber and supports the part which has been built; afterwards,
this powder is recycled. The basic process flow chart is shown in Figure 3. Depending on the
materials to be processed, the fabrication chamber is sometimes heated and maintained at a
certain temperature to help the sintering or melting process. The Renishaw-AM125 (Renishaw,
Wotton-under-Edge, Gloucestershire, UK), and SLM@250""™ (SLM Solutions GmbH) are two
examples of commercial additive manufacturing machines used to process ceramic powders.

LPBF can be broadly classified in two types: direct and indirect, depending on whether a
binder material is used. An indirect process either mixes binder materials with ceramics or
coats the ceramics with a polymer. The mixture can be used as dry powders or as wet slurry
from a suspended liquid. The binder materials melt and consolidate the ceramic powders
during laser scanning. Then a de-binding process removes the binder, and further sintering of
the ceramic part is usually required to increase the final part density. In the direct process,
ceramic objects are created by sintering or melting without the aid of any binders. Because of
the high melting temperatures of ceramics, indirect processing of ceramics is most common [24].

2.1. Laser parameters

During the LPBF process, many factors affect the final part. The main laser parameters include
wavelength, power, scanning speed, hatch distance, scan pattern, vector length [12], ratio of
length to width [25], scan angle [25], beam spatial distribution [26], beam spot size [27], point
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Figure 3. Basic process flow chart for LPBF manufacturing.

overlapping [28], and continuous or pulsed laser operation. Although most of the parameters
have an effect on some aspects of the final product, currently there are not enough experimen-
tal data or calculations to relate all the factors. Some parameters are not always adjustable, for
example, the wavelength of a certain laser system. As a result, only some of the most important
parameters will be discussed. Key laser parameters are shown in Figure 4.

Powder }
-¥-- Layer

f thickness
K

Laser beam
diameter
Preceding

ayers

Figure 4. SLM process parameters: laser power, scanning speed, hatch spacing, and layer thickness.
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Materials Absorptance of Nd-YAG laser (A =1.06 um) Absorptance of CO, laser (A =10.6 pm)
ZnO 0.02 0.94
AlLOs 0.03 0.96
SiO, 0.04 0.96
BaO 0.04 0.92
SnO 0.05 0.95
CuO 0.11 0.76
SiC 0.78 0.66
Cr3C, 0.81 0.7
TiC 0.82 0.46
wcC 0.82 0.48

Table 1. Optical absorptance for materials. The data presented here are from those presented in the original source [39].

2.1.1. Laser selection, wavelength (1), operation mode, and beam diameter (o)

Laser and powder interactions are fundamental to the LPBF process, and laser selection
depends on materials [29-31]. Due to light-matter interactions, materials only absorb light
energy for certain wavelengths based on the optical properties. Optical absorption coefficients
for some ceramic materials are listed in Table 1. Common oxide ceramics only weakly absorb
in the near infrared region while carbide ceramics absorb the 1.06 um wavelength. Therefore,
the CO; laser (A= 10.6 um) is better suited for oxide ceramics due to higher optical absorptivity,
while Nd:YAG, Yb:YAG or Nd:YVO4 (A = 1.06 um) lasers that are common in commercial
selective laser melting machines are more suitable to metals and carbide ceramics. Nonethe-
less, the YAG laser is often applied to oxide ceramics due to its smaller spot size for higher
dimensional accuracy, higher specific power, and larger parameter window [28, 32, 33]. The
application of the 1.06 um laser on oxide ceramics is possible because of two effects. First, the
absorption for the powder format is usually much higher than the corresponding smooth bulk
surfaces due to the multiple reflections effect [34-36]. For example, the optical absorption for
alumina is increased to ~10% at ~1 pm [35, 37]. Second, impurities often increase the absorp-
tion and reduce the melting temperatures. While it is common to apply a continuous wave
laser in the LPBF process, a pulsed laser can also be used [38]. Several additional laser
parameters can be adjusted such as pulse durations, shapes and frequencies. It has been shown
that those parameters affected the surface quality. Finally, the laser beam diameter or spot size
(usually tens of micrometers in diameter) sets the theoretical limit of the spatial resolution
although usually many other factors would prevent such a resolution.

2.1.2. Laser power (p), scanning speed (v), hatch distance (h), and laser energy density (E)

Laser power, scan speed, and hatch distance are the major adjustable parameters are for a laser
system. Laser power and the movement of the focused laser spot onto the powder surface
should be adjusted to provide enough heat to melt the powers. The hatch distance is the
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distance between two neighboring melted lines or vectors; it is usually smaller than the laser
spot size. The hatching distance and the spot size decide the overlapping percentage coverage.
The three parameters often work together to transfer laser energy to the powder bed. For
example, if the absorption coefficient is not very high, it may be compensated for by adjusting
one or all of the three parameters. It was reported [40] that a combination of high laser power
and low scanning speed helps to reduce balling —the formation of spheroidal beads during the
LPBF process due to surface tension and insufficient wetting of the preceding layer [41, 42].

A common practice is to use laser energy density E = = (J/mm?) [8, 43] or volumetric energy
density v%d (J/mm?) [27, 44], or U% (J/mm?) [45], to represent the laser heating effect, where E is
the energy density and d is the layer thickness. Sometimes line energy ¢ = 2 (J/mm) has been

used instead [46].

2.1.3. Scan pattern and point overlapping

Scan pattern can be single-scan, repeated scan, or cross-scan, with or without contouring. The
scan pattern should be chosen based on the material properties and can affect the surface
roughness and the mechanical properties of the final product. For example, it was shown that
the repeated scan pattern reduced balling [40]. It was reported that contouring helps to
generate the same quality for the beginning and ending of scan lines [47]. Also, the contour
forms a barrier that keeps the melt pool of the hatch from exceeding the specimen’s boundaries
[48]. The overlapping of the two parallel, consecutive laser scans is defined as Ov =1 — (h/0)
where h is the hatch distance and o is the beam spot size [28]. There is an overlap of successive
laser spots for Ov > 0 and no contact for Ov <0.

2.2. Powder factors

Besides laser factors, powders are also critically affect the LPBF process. Powder size affects
laser melting efficiency. Large particles generally reduce the pack density of the powder bed
and also require more energy to melt. On the other hand, smaller particles tend to agglomer-
ate, which makes it difficult for powder layering or coating. The typical particle size is in the
range of a few to several hundred microns. The ability for powder flow is an important factor
to decide the particle distribution on the powder bed. Good powder flow is required to form a
flat powder surface and a uniform thickness of powder layers, which are necessary to achieve
uniform laser energy absorption. Particle morphology and size distribution affect the powder
flow, for example, in general powders flow better with the increase of the sphericity and
particle size for particles with a narrow size distribution [9, 12, 49]. The “flowability” in turn
significantly affects packing efficiency, mechanical properties, and surface roughness. Powder
composition, melting point, optical properties, and heat transfer properties also affect the
choice of laser parameters and final product properties. Although these powder factors are
important, systematic studies on them are lacking. The powder layer thickness is a very
important factor, and it needs to be determined according to the laser beam penetration to the
powder bed. Layer thickness also affects the energy density to be applied and can affect the
surface roughness [50].
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2.3. Other factors

Other factors also significantly affect the LPBF process, including pre- or post-processing,
secondary laser assistant, application of protective gas atmosphere, etc. The preheating decides
the temperature of the powder bed and is particularly important in the case where binders are
used since it affects the wetting and spreading properties. Oxidation usually happens if the
process is not in an oxygen-deficit environment, which affects the materials’ structure and
properties.

The laser beam characteristics and scanning fashion, together with the optical and thermal
properties of the powder layer, govern the balance between heating by the absorption of laser
radiation and conductive thermal losses. The thermal absorption and dissipation dictate the
temperature of the laser-powder interaction zone [51]. With appropriate combinations of laser
parameters and proper powders, the interlayer bonding strength and the mechanical strength
of the whole component can be improved [52].

2.4. Quality assessment

Depending on the purpose of applications, attributes of the final products are assessed to
determine part quality. Critical attributes are porosity, relative density, surface roughness,
dimensional accuracy, strength, micro hardness, and other mechanical properties.

Pores often form in the LPBF processed products. Porosity, the percentage of void space in a
bulk material, is hence an important parameter for the laser treated materials. The porosity
content can be determined by an image analysis method [53]. Relative density is the ratio of the
LPBF-processed part density to the theoretical density of the bulk material. Relative density is
a basic parameter of the product. Because of the direct relation between relative density and
porosity, it is common to measure relative density instead of porosity since relative density is
easier to measure.

Surface roughness measures the surface irregularities, often expressed as numeric parameters
R, and R, where R, is the arithmetic mean deviation of the roughness profile, and R, is the
maximum roughness, or the maximum height of the profile from peak to valley. LPBF of
ceramics often leads to a poor surface finish and high roughness because the melt pool is large,
and the molten material has low viscosity and thermal conductivity. It was shown that low
viscosity large melt pool wet the powders outside the pool boundary, and led to large grains
and rough surfaces [48, 54, 55].

Dimensional accuracy is the measure for the accuracy of the LPBF product to the expected
parts. The material’s strength is the measure to withstand an applied maximum stress without
failure, including compressive, tensile, and shear strengths. Because of cracks and pores, LPBF
ceramics have lower strength than their cast counterparts. An important indicator for the
mechanical properties for the LPBF product is the bending strength. A positive linear relation-
ship between bending strength and relative density has been reported [56], so relative density
can be an indicator for bending strength. Hardness measures the material’s ability to resist
permanent plastic deformation.
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Using LPBF as the manufacturing technique, the important difference between ceramics and
metals is that ceramic materials are particularly subject to cracks and delamination [21] due to
the large thermal gradient resulting from ceramics’ intrinsic very low thermal conductivities
and very high melting temperatures. Compared to metals, the LPBF-produced ceramics often
display lower relative density and rougher surface. While steels made by SLM process are
often mechanically stronger than those made by casting [21], currently SLM-manufactured
ceramics are almost always mechanically weaker than their counterparts made from conven-
tional methods. Therefore, applying LPBF to ceramics generally presents more challenges than
that to metals.

3. Principles for optimum SLM/SLS process

Both direct and indirect methods are capable of processing ceramics close to a full density. The
advantage of the direct process method is that post-processing is not required for the parts
manufactured, and it is possible to directly manufacture near crack-free ceramic parts with
high densities [9]. However, because of the very high melting point, it is common to coat the
pure ceramic powder with binders, to make use of the existing or mixed absorption impurities,
or to form some sort of low-melting point eutectics with several ceramics. In those cases, a
post-processing thermal treatment is often necessary to obtain denser parts.

Both a CO; laser and a YAG laser can be used for processing ceramics. On the one hand, the
longer wavelength CO, laser corresponds to higher optical absorptivity. On the other hand, the
YAG laser yields better dimensional accuracy due to its much smaller laser spot size. However,
in order to use the near-infrared laser, additive materials are often mixed with the ceramics to
improve laser absorption. The additives are chosen to strongly absorb the laser beam but not to
react with ceramics at high temperatures. Many materials can be used for such a purpose. For
example, they can be low-melting-point polymers that are eventually burnt off or inorganic
powders such as graphite, and sometimes the existing impurities can work as the absorption
medium to increase the laser-material coupling.

A suitable setting of laser processing parameters can improve microstructures and the
mechanical quality of the processed parts. However, optimizing one single parameter or
process usually accompanies other disadvantages for the ceramic process. The choice of a
process for a particular design requirement often involves a compromise of other properties.
No universally good parameters or processes exist for ceramics processing at this time. Even
for the same material, the most common adjustable parameters, such as laser power, scanning
speed, hatch distance, and laser spot size, can vary wildly depending on the requirement of a
better mechanical strength or a better surface finish. The parameters are crucially dependent
on the existence and variety of additives. For example, very different parameter sets for
processing alumina exist (Table 2) [27, 28, 55, 56]. Additionally, the parameters also relied on
powder and layer factors as well as preheating conditions. On the other hand, for each
individual experiment, there are clear trends regarding the laser parameters. Some of the basic
trends are summarized below.
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Laser energy density is a very important factor in the LPBF process. In general, the adjustment
of parameters that increase the laser energy density results in greater fusion ability as demon-
strated by a deeper laser penetration depth or a larger melting pool. Increase of the energy
density may be realized through increasing the laser power, decreasing the scanning speed,
increasing the hatch distance, using a better focus of the laser beam or changing the laser beam
size, or increasing the point overlapping. On the one hand, it was difficult to construct ceramic
parts successfully due to insufficient solidification of powders with too low laser energy. On
the other hand, high laser energy density induces layer shrinkage because of powder layer
overheat or ablation, and the ceramic part warps [57]. Energy density crucially affects the
relative density and porosity of the laser processed part [27], but the laser energy density and
the relative density of the product do not always follow a positive relation. Wang et al.
reported that at the region of low laser energy density, the relative density of the produced
part increased with the laser energy density, but after a certain value, a further increase of the
laser energy density reduced the relative density of the part [56]. Energy density also severely
influences the surface conditions and grain sizes of the laser produced parts. Shishkovsky et al.
reported larger mosaics on the surface by reducing the energy density through increasing the
laser scan velocity and the hatch distance [13]. Yap et al. reported sunken cores for the samples
obtained at higher energy densities, suggesting that vaporization of silica material occurred
during the process as the silica material absorbed enough energy to be vaporized [58].

Although the concept of energy density is very useful, practically it has to be adopted with
caution because there is sufficient evidence to show inconsistent or controversial results if
process optimization is only based on this factor. Wang et al. showed a huge difference in the
relative density by similar laser energy density while varying the laser point overlapping [56].
Liu et al. also reported the same energy density led to different relative densities and mechan-
ical properties [59]. The issue of the laser energy density has also been noted by the latest
research. Because the laser energy density is insufficient to capture the complex physics of the
melt pool, this parameter is identified as an unreliable indicator or not a good design param-
eter for materials’ synthesis by LPBF methods [38, 60]. Although the energy density remains
constant, the variable combination of the laser power, the laser scanning speed, and the laser
hatch distance plays a significant role, and the laser power has a dictating influence [38]. Liu
et al. noted that the influence for the three adjustable laser parameters are not the same to the
manufactured parts, precisely, the laser power has the greatest effect, the laser hatch distance is
in the middle, and the laser scanning speed has the least effect [59]. However, the different
effects among those parameters are not reflected in the concept of the laser energy density.
Therefore, the laser energy density cannot be the only criterion in the optimization of process
parameters during the SLS/SLM process. An optimum process has also to involve additional
process parameters, such as hatch style, laser spot size and laser offsets, and materials proper-
ties, including thermal conductivity and reflectivity [38].

Besides laser parameters, powder factors also play a critical role in reaching a high density
part. The size and morphology of the powder particles have strong impacts on the powder bed
density and the powder flowability and hence significantly influence the product. In order to
uniformly spread powders to a thickness of tens to a few hundred microns at high tempera-
tures, a good flowability is critical, which requires powders of specific size distributions and
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spherical shape. In general, small particles lead to a better surface, and the spherical shape of
particles leads to better flowability and less porosity. Hagedorn et al. reported the surface
roughness may be improved by decreasing the particle size from 50 to 30 pum [48]. Wilkes et al.
demonstrated that spherically shaped particles significantly improved the relative density and
porosity [9]. The method of preparing the powder bed and the layering step are important
factors, and optimal processes may lead to sizable improvement of the product. The powder
bed should be homogeneous, have high packing density and have a stable layer thickness.
Bertrand et al. suggested increasing the powder bed density by compression from the roller
[12]. Juste et al. also suggested increasing the powder bed density to decrease the cracks and
heterogeneities through the use of more suitable powders and/or by considering specific
devices to pre-compact the powder bed [28]. Wang et al. compared the experimental and
simulated relative density under different pressures and revealed a positive relation between
them, as shown in Figure 5 [56]. Compressing the powder bed or each powder layer to a
denser format before or during each laser scan cycle should be considered for future develop-
ment in the LPBF process.

The layering step and the deposition technique are critical parts of direct-layered fabrication
technologies. For example, Deckers et al. deposited layers through the electrophoretic deposi-
tion (EPD) method to avoid large particle and thermal gradients [55]. They suggested slurry-
based processes can produce highly dense ceramic parts more easily. Juste et al. also showed
good relative density parts using the slurry process [28]. However, this wet process required
additional steps. Finally, in the layer-by-layer method, the thickness of each layer is
recommended to satisfy the following requirement for a good fusion. Several researchers
noted that particles to be ten times smaller than the layer thickness [12, 61], and Bertrand
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Figure 5. Comparison between the experimental and simulated results of the relative density under different pressures.
The data presented here are extracted from those presented in the original source [56].
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et al. suggested that each layer allow the laser to penetrate at least through the last and the
previous one [12]. A proper combination of laser and powder parameters may lead to the
desired properties; for example, the laser power, the layer thickness, and the scanning speed
greatly affect shrinkage, distortion and warping, which in turn affect the quality and dimen-
sional accuracy of the parts [62].

Cracks and less than full density are common difficulties in laser processed ceramics. Preheating
of the powder bed helps form a denser part and to reduce cracks that are created due to stress
and lack of thermal relaxation. Hagedorn et al. reported reaching nearly 100% relative density
using a secondary laser as the preheating source [48, 54]. However, this method suffers from bad
surface quality for the produced part. Wilkes et al. reported generally crack-free samples through
a preheating process showing that powder bed preheating reduces thermal stresses and the
formation of cracks [9], but superficial microcracks still existed for large parts during the process
[48, 54, 63]. The fine cracks are presumably formed due to thermal stress from the uneven
distribution of heat within the laser spot, which induces different volume contractions during
the melting and cooling process [64]. Although preheating and secondary laser assistance may
reduce the thermal stress and help to reduce cracks, the preheating may decrease the powder
flowability and impair the process repeatability [12]. A new preheating strategy to avoid the
rapid cooling and the thermal stress requires further technological developments.

Another factor affecting the process is the oxygen environment, and the impact of this factor is
strongly material dependent. A low oxygen environment significantly reduces the occurrence
of balling [40, 41, 65]. Shishkovsky et al. compared the alumina—zirconium ceramics synthesis
in both air and argon environments and found an oxygen-deficit environment clearly affected
the light energy absorption, the porosity, and the mechanical strength [13]. Savchenko et al.
recommended sintering zirconium in an inert gas environment or in a vacuum for stabilization
of the tetragonal phase ZrO, [66].

Today normal SLS/SLM techniques are capable of achieving near full relative density for
ceramics, but the resulting ceramics are often compromised by high surface roughness, poor
dimensional accuracy, micro-crack formation problems, and poor mechanical properties. In
recent years, new developments in LPBF have shown some improvement in these aspects.
Exner et al. demonstrated a laser micro sintering technique using a g-switched pulse laser
system with 532 nm wavelength to process silica-alumina (SiO,/AlL,O3) powder [67]. The
intensity of the laser spot of the g-switched beam is a factor of several orders of magnitude
higher than that of continuous wave lasers due to its short intense pulses in a nanosecond
regime, and a very high recoil pressure was generated for the sintering process. In order to
obtain good accuracy and surface finish, fine powders with particle diameter less than 1 um
were used. The final parts had a high geometric resolution of 40 pm, the best surface quality so
far, with an average surface roughness R, ~ 5 pm, and a maximum relative density of 98%. The
produced part still had many small pores and micro cracks inside the sintered body. After
thermal treatment, the cracks were annealed, and the number of pores decreased although
some bigger pores were left. The heat treatment resulted in nearly no shrinkage (<0.7%) of the
specimens. The paper also reported a maximum crushing strength of 1400 MPa, and a low
tensile strength of 120 MPa that limited its use in high strength components.
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4. Exemplars

With the principles being discussed, it is useful to look at actual examples for some of the most
common ceramics: alumina, silica, and mixture of oxide ceramics. These examples are selected
to cover ceramic fusion through both direct and indirect methods, SLM and SLS, short
(1.06 pm) and long (10.6 pm) laser wavelengths. They also show comparisons for various
conditions such as different sized powders, different laser energy densities, with and without
preheating or postheating, in air and oxygen-deficit environment, etc. However, the following
exemplars do not constitute a completed survey; rather, representative examples are selected
to show some of the best progress in the field so far. Some of the processing parameters are
summarized in Tables 2-4 which are slightly different as not all parameters were reported or
available in most papers.

4.1. Exemplar I: Alumina (Al,O5)

Aluminum oxide, also known as alumina, is often used as an abrasive or a refractory material
due to its high hardness, temperature and electrical resistance. Pure Al,O3; melts at 2072°C.
Some research on this material takes the indirect route due to the high melting point, but direct
SLS/SLM is also possible although it often requires very fine (sub-micron) powders.

The following discussion illustrates the indirect method, the effect of post-heating, and the
choice of laser energy density. Wang et al. reported using the indirect method to process
alumina [56]. The sample was a-Al,O5 coated by 1.5 wt.% polyvinyl alcohol (PVA) and then
mixed with epoxy resin E06, forming spherical powders with a size of 80 um. The processing
parameters were: laser power between 15 and 21 W, a scanning speed between 1600 and
2000 mm/s, and a scan space between 100 and 140 mm. The paper reported the optimized
energy density of 0.088 J/mm?, which resulted in a relative density of 34% with a bending
strength of 1.05 MPa. Post-processing sintering was necessary for densification. Post-process
sintering helped to increase the migration rate, grain growth and pore exclusion. After 4 h at
1600°C, the relative density reached 94.6%, a 178% improvement. The relative density
increased with increasing laser power and decreased with increasing hatch distance.! The
relation of the relative density to the scanning speed was more complex in that it initially
decreased and then increased with increasing scan speed. Considering the three separate
processing parameters, there was an optimum laser energy density which achieved the largest
relative density, as shown in Figure 6.

The following example shows the SLM process, the effect related to laser point overlapping
and layer thickness. Juste et al. mixed alumina powders with 0.1 vol.% graphite to increase the
absorption of the Nd:YVOy, laser (1.064 um) [28]. Graphite was used as the absorption additive
because experiments for the pure alumina were not successful, even with a laser power up to
200 W. The slurry of alumina and graphite-based colloidal suspension mixture was spray-
dried and then processed in an Ar environment. By optimizing the parameters, a relative

“Scanning space’ as used by the original source [56] is interpreted as hatch distance here.
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Figure 6. The laser processed Al,Os-resin E06 composite reached the peak relative density value of 0.34 when the laser
energy density was approximately 0.088 J/mm?. The data presented here are extracted from those presented in the
original source [56].

Figure 7. Pure alumina parts processed by SLM. Reprinted from [28], with permission of Cambridge University Press.

density greater than 90% was achieved. An example of the SLM processed parts is shown in
Figure 7. The correlation between the product’s relative density to the laser energy density and
point overlapping is shown in Table 5 and Figure 8. Energy density directly affects the relative
density; however, it cannot be used as the single laser parameter for SLM/SLS processes. For
example, laser point overlapping had a significant influence on the geometrical features and
microstructures of the product [69]. Juste et al. [28] further explored the effects of layer
thickness and found a relative density increase from 76.9 to 85.1% by decreasing the layer
thickness from 100 to 50 pm. The SEM micrograph showed a microstructure with smaller pore
size, suggesting a better welding between two consecutive layers from a more homogeneous
and efficient melting. Hence, a decrease in layer thickness improved the microstructures and
the relative density of parts.
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Experiment Relative density (%) Energy density, Point overlapping,
j J/mm?) Ov (%)
E2 57.2 5.1 —44
E5 67.3 6.3 —44
E8 76.9 7.6 —44
E3 0.0 5.3 —477
E6 0.0 6.6 —477
E9 0.0 79 —477
E1 92.9 13.3 28
E4 97.5 16.6 28
E7 97.3 19.9 28

Table 5. Relative densities vs. laser energy density and point overlapping. The data presented here are from those
presented in the original source [28].
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Figure 8. Relative density of laser produced part vs. laser energy density The data presented here are extracted from
those presented in the original source [28].

The following two examples demonstrate the direct method without any binders, and they
also show how layer deposition is critical for LPBF technique and the effect of varying laser
energy density. Deckers et al. used a CO, laser for direct SLS/SLM on alumina slurry mixed
with very fine (0.3 pm) powders of alumina, denatured ethanol, and HNO; [55]. The layers
were then deposited through electrophoretic deposition (EPD). The combination of small
powders, EPD deposition, and high preheating temperatures (800°C) reduced the need for
large energy density to process the alumina slurry without binders. This treatment helped to
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Figure 9. SEM micrographs of powder beds densified using laser scanning speeds of (a) 4 mm/s and (b) 2 mm/s.
Reprinted from [27], with permission of Elsevier.

Figure 10. Cross-section SEM micrographs of alumina powder beds densified using laser energy densities of (a) 4.0 ] mm ™2

(b) 7.0 mm ™2 and (c) 8.5] mm 2. Reprinted from [27], with permission of Elsevier.

avoid large grain size and high thermal gradients. A relatively high density of 85% was
obtained after the post-process heating.

Wu et al. also applied a CO, laser to process 99.8 wt.% pure alumina [27]. The special
treatment here is that the fine particles (0.45 um) of the alumina powder beds were generated
through aerosol assisted spray deposition. The study clearly demonstrated the effect of scan-
ning speed (Figure 9) and laser energy density (Figure 10) on the microstructure of the laser-
sintered alumina powder beds. A higher laser power, a lower laser scanning speed or a smaller
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laser beam size resulted in a higher laser energy density, and the resulting higher temperature
promoted the densification of the powder bed. By increasing the energy density, the micro-
structure of the powder beds varied from open pores to full densification.

4.2. Exemplar II: Silica (5iO,)

Silicon dioxide, also known as silica, is one of the most common ceramic materials. As the
major constituent of sand, it is very abundant. Silica is widely used as structural materials, in
microelectronics, and in food and pharmaceutical industries due to varies properties such as
high melting temperature and very low thermal and electrical conductivity. Most silica is
produced by mining such as sand mining and purification of quartz. Silica parts can be laser
processed by direct or indirect method.

Yap et al. demonstrated the SLM process using a short wavelength laser. They reported
complete melting and forming a 100 um thick layer of 99.7% pure silica powder in Ar through
a good combination of parameters even at very low optical absorption (0.04 for SiO, @
1.06 pm) [58]. The laser energy density was between 16.7 and 25 J/mm”". They also showed
that sunken cores formed from high laser energy density, suggesting vaporization of silica
material during the process.

Lee et al. showed the indirect SLS process on a slurry-deposited layer. They reported successful
sintering slurry of silica powder (60 wt.%) and silica sol (40 wt.%) with a small energy density
using a CO, laser [57]. They also demonstrated a better surface finish and a good edge profile
with a proper laser energy density feedback control process.

The following two examples show the direct SLS process, and the relation between laser
processing parameters and the surface roughness and dimensional accuracy of the sintered
parts. Wang et al. made use of a CO; laser to directly sinter silica sand, which is a mixture of
Si0; (97.51 wt.%), with small amount of a variety of impurity of elements such as Zr, Ti, Ca, Al,
Ba, Fe, Cs, Mg [11]. Pure silica softens at 1500°C and melts at 1600°C [11], but the impurities
form a low-melting point eutectic that partially melts at 500-700°C. The existence of impurities

Figure 11. Sand mold built from silica sand powders, using LPBF. Reprinted from [11], with permission of Springer.
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therefore facilitates the direct laser sintering of the silica sand. Wang et al. studied the influence
of the laser process parameters and concluded that larger power and a smaller scanning speed
led to greater strength and thickness, but the process also produced a rough surface finish. To
improve the surface conditions, instead of a common polishing process, a simple infiltration
post-process improved the roughness of the horizontal surface from R, = 35.6-25.4 pm. One
example of the directly sintered parts in silica sand is shown in Figure 11.

Tang et al. also directly sintered silica sand with a CO, laser [68] and preheated the powder
bed up to 400°C. The silica sand consisted mainly of SiO, with a very low percentage of Al,O,
and the small amount of Al,O5 acted with SiO, to form a low-melting-point eutectic. This
eutectic facilitated the melting of the surface of the sand particles under laser heating, although
the core of the particle remained at the high melting point. The sand particles bound together
through the liquid surfaces when the laser beam struck and then quickly solidified after the
laser beam moved away. Tang et al. further studied how the process parameters affected the
properties of the laser sintered parts and concluded the compression strength of the products
increased when the laser power increased and decreased when the scanning speed increased.
The largest compression strength they produced was 15.5 MPa with a laser power of 120 W
and a scanning speed of 60 mm/s. They also found the surface roughness of sintered products
increased when the laser power increased and decreased when the scanning speed increased.
The smallest surface roughness they achieved was R, = 19 pum at the laser power of 120 W and
the scanning speed of 180 mm/s. Finally, the absolute errors (the differences from the actual
sizes of sintered parts to the design sizes) ranged from 0.1 to 0.5 mm, depending on the laser
process parameters. The best result (0.137 mm in the x direction and 0.117 mm in the y
direction) was achieved when both the laser power (160 W) and the scanning speed (180 mm/s)
were the largest among the parameters they tested. However, the researchers also found the
dimensional accuracy of the sintered parts was relatively stable and insensitive to a certain
range of processing parameters.

Liu et al. exhibited the indirect SLS process with a short wavelength laser, and it also showed
the relation between laser line energy and porosity, mechanical strength, and shrinkage depth
of the manufactured parts. They reported the indirect laser sintering on polymer coated silica
sand composite powders using a 1.064 pum laser [46]. The silica sand they used mainly
consisted of 5i0, 99%, Al,O3 0.22% and micro-content of TiO, with a melting point of 1750°C
[46]. The silica sand was coated with 1.9-2.1 wt.% of phenol-formaldehyderesin (PF). Liu et al.
studied the relation between line energy (power/scanning speed) and properties of the sintered
parts. The best line energy was located between 10 and 20 J/m, which resulted in a porosity of
29-32% for the laser sintered parts. Both the porosity and shrinkage depth of the powder bed
generally increased with the increase of the line energy in that range, while the shrinkage
depth gradually fell after 20 J/m. With a set of optimized parameters (laser power of 7 W,
scanning speed of 400 mm/s, and laser beam spot of 50 um), a compressive strength of 0.8 MPa
was obtained. This strength was equivalent to that of sand patterns made by the common
method and exhibiting strengths in the range 0.5-2.5 MPa [46].

Song et al. demonstrated the indirect SLS process with a long wavelength laser, and they
showed the relation between laser process parameter and the dimensional accuracy of the
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fabricated parts. They indirectly sintered PF/silica sand compounds using a CO, laser [52].
They found laser process parameters had important effects on the property and accuracy of the
sintered parts. For example, the scanning speed affected the size of the sintered parts: with an
increase of the scanning speed from 5 mm/s to 13.3 mmy/s, the dimensions of the sintered
sample shrank for about 1.5 mm in both length and height, and 1 mm in width.

4.3. Exemplar III: Mixture of oxide ceramics

The following example shows the effect of laser energy density and layer thickness to the
mechanical properties of the produced part. Silica can be used as bio-ceramics for tissue scaf-
folds or dental implants when it is mixed with other ceramics or minerals, such as hydroxyap-
atite (HA), feldspar, kaolin and alumina [58]. F.-H. Liu performed selective laser sintering on
hydroxyapatite-silicate slurry with a CO, laser [8]. The mixture was comprised of SiO,-P,0s-
CaO, materials which had the potential to produce bone scaffolds for tissue engineering
applications. An optimized laser energy density was critical to the process. An energy density
that was too small would result in an overlap between layers less than 15%, which led to
insufficient bonding strength. An excessive energy density would result in warping layers if
the overlap exceeds 30%. With an optimized slurry (28 wt.% SiO,, 30 wt.% HA, and 42 wt.%
H,0), a laser energy density of less than 1 J/mm? enabled formation of the bio-ceramic parts.
The paper further revealed the significant effect of laser energy density on bending strength, as
shown in Figure 12. The maximum strength achieved was 4.7 MPa at 1.6 ]/mmZ.

The following example exhibited the indirect SLS process and the effect of the laser process
parameters. The mixture K,O-Al,O3-S5i0, shows excellent mechanical properties and biocom-
patibility which come up to the ISO standards as a dental restoration material [70, 71]. Liu et al.
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Figure 12. Relationship between laser scanning speed and laser energy. The data presented here are extracted from those
presented in the original source [8].
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studied the composite powder of an epoxy resin binder E-12 and K,0-Al,05-SiO, series of
dental glass-ceramics through indirect selective laser sintering [59]. The paper described the
effect of the laser processing parameters on the relative density of the sintered parts and
concluded that laser power, scan spacing, and scanning speed had different effects to the
produced part. Specifically, the factor of laser power had the greatest ability to influence the
relative density and the bending strength, the factor of scanning speed had the least effects,
and the factor of scan spacing was in between. In order to obtain high density parts, they
suggested increasing the laser power and decreasing the scan spacing and the scanning speed.
However, the authors suggest other factors such as SLS forming efficiency and forming preci-
sion should also be considered for optimizing the processing parameters [59]. An example of
the processing parameters and the parts’ properties is illustrated in Table 6. The bending
strength was basically proportional to the relative density of the sintered parts. Although in
general the relative density followed the laser energy density, this relationship was only
approximate. For example, sample numbers 1, 4, and 7 had the same energy density but
different relative density and mechanical properties. The paper also noted that the preheating
temperature was an important processing parameter that affected the viscous binder’s wetting
and spreading characteristics, so it had a considerable influence on the relative density of the
sintered parts. The optimized processing parameters, the preheating temperature, the laser
power, the scanning speed, the scan spacing and the layer thickness were 30-35°C, 21 W,
1800 mmy/s, 100 and 80 um, respectively. Under such conditions, the relative density and
bending strength reached 37.40% and 2.08 MPa, respectively. An example of the indirectly
sintered glass-ceramic part is shown in Figure 13.

For component mixed ceramic materials, it is common to use additive elements to bind them
before the LPBF process. However, a pure mixture without a binder is possible to be processed.
For example, Bertrand et al. showed a direct process on pure yttria-zirconia (Y,O3-ZrO,)
powders through selective laser sintering/melting using a 1.064 um fiber laser [12]. The
authors studied the influence from the powder and the powder bed and found the properties

No. Laser power Scan speed Scan spacing  Energy density Relative density Bending strength ogy
(W) (mm/s) (mm) (J/mm?) (%) (MPa)
1 15 1600 0.10 0.0938 34.59 1.63
2 15 1800 0.12 0.0694 33.79 1.59
3 15 2000 0.14 0.0536 33.70 1.54
4 18 1600 0.12 0.0938 34.83 1.66
5 18 1800 0.14 0.0714 33.98 1.62
6 18 2000 0.10 0.0900 35.05 1.98
7 21 1600 0.14 0.0938 36.59 2.01
8 21 1800 0.10 0.1167 37.40 2.08
9 21 2000 0.12 0.0875 36.38 2.02

Table 6. SLS results for dental glass-ceramic powder. The data presented here are from those presented in the original
source [59].
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Figure 13. Teeth made by SLS under the optimized technical parameters Reprinted from [59], with permission of Emerald
Publishing Limited.

of particles and powder layers significantly affected the product. For example, they found the
best powder for the fiber laser to process was a powder in which all particles have a diameter
less than 1 um. Atomized powders helped to avoid electrostatic charges that led to powder
agglomeration. Furthermore, the particle morphology directly affected the powder spreading
and the powder bed density in that the more spherical particles improved the results although
the authors of the work did not specify the aspects which were improved. The layer thickness
is a crucial parameter for a good sintering/melting process. To decide this parameter, the paper
suggested that the laser had to penetrate at least through the last powder layer and the
previous one. Earlier, Wilkes and Wissenbach suggested that the layer thickness needs to be
10 times greater than the particle size for achieving efficient roller powder layering [61]. To
satisfy these requirements, Bertrand et al. reported a 30 um thick layer in their study. The
paper also reported the preheating effect and concluded that, on one hand, the preheating
reduced the micro cracks; on the other hand, preheating decreased powder flowability and
impaired process repeatability. An example from such a direct laser process is shown in
Figure 14.

The following discussion shows the effect of preheating and the secondary laser assistance.
Oxide ceramics such as zirconia and alumina are widely used in industry and in medical
applications such as bearing sleeves and valves, high density grinding media, cutting blades,
crowns and bridges in dental restorations. Hagedorn et al. reported direct selective laser
melting on an eutectic Al,O3-ZrO,-Y,03 mixture without any binder materials [48, 54]. The
mixture was composed of 58.5 wt.% of Al,O; (melting point 2072°C) and 41.5 wt.% ZrO,
(melting point 2710°C) where ZrO, contains 6 wt.% yttria (Y,O3) to form a eutectic powder. It
demonstrated a complete melting to the ceramic powders using a low optical absorptive Nd:
YAG laser with a wavelength of 1.06 um. The unique feature here is the work applied a CO,
laser assistant that preheated the powder bed surface above 1600°C, very close to the eutectic
mixture melting point of 1860°C. The secondary laser helped to reach the melting temperature
of the ceramics and led to a large melting pool. Such a process improved the density of the
obtained part. For example, with the optimized process parameters, the laser processed part
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Figure 14. Pure zirconia 3D objects manufactured by SLS/M technology Reprinted from [12], with permission of Elsevier.

yielded a relative density of approximately 100% without any post-processing. Such a part
showed a fine-grained nano-sized microstructure and flexural strengths of above 500 MPa,
sufficient for dental restorations. This value is in the same range but at the lower end compared
with conventionally manufactured parts which have flexural strengths of 800-1200 MPa for
zirconia [72], 400 MPa for alumina [73] and 480-2400 MPa for mixtures of zirconia and
alumina [9, 74]. On the other hand, the second laser assistance negatively affected the surface
quality and dimensional accuracy because the low viscosity melt pool flowed outside the
boundaries of the scanned part and wet the surrounding powders. The surface roughness
was R, ~ 100 pm, one of the best in SLM-processed high-strength oxide ceramics. The dimen-
sional accuracy reached ~150 pm, which was far below that of the conventionally milled parts
of ~50 um. An example of a direct SLM produced full ceramic framework for a dental restora-
tion is shown in Figure 15. A rough surface may induce stress peaks on mechanical loading,
which leads to premature failure and thus affects the mechanical strength. The preheating

Figure 15. Direct SLM produced full ceramic framework for a dental restoration Reprinted from [54], with permission of
Elsevier.
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method may also induce thermal shocks during the deposition of the cold ceramic powder,
which can result in fine cracks on the surface of the produced part and hence reduce the
mechanical strength, as shown in Figure 16.

The following example showed the effect of particle shapes. Wilkes et al. [9] used the same
setups from Refs. [48, 54]. The authors studied how the particle shape (spherical vs. irregular)
affected the manufactured parts, and found it had a strong influence on the relative density of
the SLM produced parts. There was a significant improvement of the porosity and relative
density which was most likely due to the better flowability of spherically shaped particles
compared to irregularly shaped particles. A parallel comparison of two cross-sections using
different shaped powders is shown in Figure 17. The paper described the effect of preheating
and concluded temperature differences and gradients during SLM were reduced through the
preheating process. Therefore, mechanical stresses were significantly reduced, and large crack
formation could be avoided. As reported in Refs. [48, 54], fine cracks can still be found for
building up large parts because of the local rapid cooling from the deposition of the cold
powder layers on top of the preheated ceramic. The preheated zone in the SLM machine is
shown in Figure 18. A comparison of the product surface without preheating and with
preheating at 1715°C is shown in Figure 19.

Shishkovsky et al. showed the effect of an oxygen-deficit environment. They performed
alumina-zirconium ceramics synthesis through selective laser sintering/melting [13]. The
ceramic mixture was composed of yttria-stabilized zirconia, called YSZ (ZrO, 90 wt.%, Y>O3
10 wt.%), and aluminum or alumina Al,O; in the ratio 4:1. They investigated the influence of
SLS/SLM processing in air or in a protective gas environment. Laser sintering in argon
required scan velocities nearly one order of magnitude smaller than velocities when sintering
in air, and the surface temperature of the powder bed was much lower in argon, as well. The
thickness of one layer that was sintered in one cycle increased by 1.5-2 times, so the energy
needed for sintering in argon gas was much smaller than that in air. When operating in air,
they also observed strong sparkling and scattering of the powder material from the interaction

\ Crack

_Eﬂﬂ_pm_

Remelted
material

Figure 16. Crack formation on the surface of the SLM part due to cold powder deposition onto the preheated area
Reprinted from [54], with permission of Elsevier.
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Figure 17. Cross-sections of two specimens made using different types of powder (a) irregular shaped powder particles
(b) spherical powder particles. Reprinted from [9], with permission of Emerald Publishing Limited.

gy

Figure 18. Photo of the preheated zone in the SLM machine. Reprinted from [9], with permission of Emerald Publishing
Limited.

zone beyond a certain energy density. SLS in air yields ceramics with a dense structure and a
uniform distribution of the stabilizing phases although cracks could happen at high laser
powers during high-speed cooling. While sintering in argon, a porous part was developed
with pore size >100 pm, and the pore shape was elongated in the laser scan direction. Such a
high porosity greatly reduced the relative density and the mechanical strength of the sintered
ceramics. The surface comparison of the ceramics sintered in air and in argon is shown in
Figure 20. The research also compared the SLS and SLM processes and demonstrated that
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Figure 19. Cross-sections of specimens manufactured by SLM (a) cracks formation without preheating and (b) crack-free
with preheating at 1715°C. Reprinted from [9], with permission of Emerald Publishing Limited.

(a) {b)

Figure 20. Surface comparison of the sintered YSZ-Al/Al,O5 at P=24.1 W, V =3.1 cm/s. Magnification: (a) 50 (in air) and
(b) 20 (in argon). Reprinted from [13], with permission of Elsevier.

SLM allows for manufacturing objects with a relatively low porosity and a high geometrical
accuracy. Examples of the ceramics manufactured from SLS and SLM techniques are shown in

Figure 21. The surface porosity appeared to increase by increasing the laser scan velocity and
the hatch distance.
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Figure 21. Manufactured ceramic objects: (a) porous filter element from corundum-zirconium ceramics produced by SLS
process; (b) samples produced by SLM process from ZrO, powder. Reprinted from [13], with permission of Elsevier.

5. Perspectives

Comparing to metals, laser powder bed fusion of ceramics is relatively new, less studied, and
less mature [21, 75-77]. Ceramics are a large materials family which includes oxides (Al,O3,
MgO, ZrO,, FeO, NiO, SiO,, CuO, Caz(PO,),, etc.), carbides (BC, SiC, WC, etc.), nitrides
(Si3N4, A16N6028i, AIN, etc.), sulfides (Yb384, CeS, CaLaZS4, Mng254, Ml’lEI'zS4, ZnGa254,
etc.), fluorides (CaF,, BaF,, SrF,, etc.), and ceramic component mixtures (Al,O3-ZrO,, Al,Os5-
Si0,, ZrO,-Y,0;, Li;0-ALO5-Si0,, KyO-ALO5-Si0,, etc.). However, so far the laser powder
bed fusion on ceramics has been studied on only a small fraction of this materials family. Not
all of them may be suitable for the current layer-by-layer construction technique due to
factors such as high melting temperature, different optical/thermal properties, or availability
of suitable powders. Further development may lead to construction of multi-material,
multifunctional objects.

To obtain desired structural and physical properties of a fabricated part, an optimized process
is required for the laser powder bed fusion technique. However, since the process parameters
are completely material-dependent and can be varied largely for different ceramics, it is
necessary to optimize the process parameters for each material through series of experiments,
theoretical modeling, or a combination of both. The optimization includes powder, laser, and
environmental factors, as well as possible pre- and post-processes.

In recent years, new development has been focused on using the laser powder bed fusion
technique for different ceramic materials and application of the manufactured parts in
various industrial and medical fields. However, detailed process-structure studies are still
missing. It is critical to investigate the material” microstructure and the physical properties of
the ceramic parts made from laser powder bed fusion. It is therefore necessary to explore the
relation among the process parameters, the size, shape, and boundary conditions of the
laser-fused micro-grains, and the macro-properties of the fabricated part. Such study will
increase the understanding of the laser powder bed fusion technique from the micro- to the
meso-scale.
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6. Conclusion

Laser powder bed fusion enables the production of ceramic parts with very high temperatures
and excellent precision in a short time. The process is suitable for processing hard materials
with complex geometries. However, due to several intrinsic properties, the LPBF technique for
ceramics is far from mature and is still in the research and development phase. Limiting factors
include susceptibility to thermal stresses, low fracture toughness, and low optical absorptivity
in the near-infrared region for oxide ceramics. As these factors are further investigated, the
difficulties related to them may be solved. For example, proper choice of lasers and powders,
combined with an optimum process, can compensate for or overcome some of the limitations
and produce near 100% relative density. Such near pore-free parts have only micro-cracks or
no cracks, and their mechanical properties are close to those manufactured from conventional
methods. The LPBF technique therefore shows potential for ceramic fabrication and will
continue to attract research and industrial interests in the future.
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Abstract

The development of additive technology revealed a real prospect of their use for the
manufacture of complex shapes. Now, it is possible to produce parts that previously were
either very difficult to produce using the subtracting technology and joining technology,
or it was not at all feasible. In the manufacture of parts of complex shape, it is necessary to
use a supporting structure, which is necessary to place such a way that they can be easily
removed. Additionally, they must necessarily be absent in certain places. In this regard,
the preparation model can take significant time to satisfy all of these, often conflicting,
requirements. In this paper, we show optimization examples of the model preparation
with support structures for parts manufactured at the facility EOSINT M270 and used in
medicine and engineering. Additional emphasis is on the fact that, during the manufac-
ture of parts, solidification’s modes of massive parts differ from those of the thin-walled
portions of parts. The results of the complex studies on the different stainless steels
(including martensitic) are described with an emphasis on their structure and mechanical
properties. The results of a honeycomb energy absorbers, which are quite seldom pro-
duced by the additive technologies, are presented in this chapter.

Keywords: additive technologies, selective laser melting, stainless steel,
honeycomb structures, anisotropy, mechanical properties

1. Introduction

Since the late 1980s, generative manufacturing methods have been established as manufactur-
ing systems for the product development in various sectors of industries. After only be used
for the production of demonstration models (Rapid Prototyping, RP), the rapid tooling and

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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manufacturing now able to service a steady increasing range of applications. In order to achi-
eve this status, the range of usable materials has been extended. Today; it is possible to process
next to the RP area with omnipresent plastics, metallic standard materials, and ceramics. For
the processing of metallic materials with the selective laser melting method, no binders or
additives are necessary.

Additive manufacturing is a process in which an item is formed layer-by-layer, and taking
into account the building principles, the presence of supporting structures is the necessary
requirement for the complex shape and geometry items production, which are hard to
obtain by classical (traditional) technologies [1, 2]. However, utilizing the supports, in some
cases, it increases the time consumption and cost of the final product and it also has an
effect on the finish surface treatment [3, 4]. Despite these disadvantages, the main advan-
tage of the supports usage is the fact that it allows some heat output and therefore provides
overall integrity especially of the complex elements [5]. Along with the selective laser
melting process parameters, an item placement is very important, which itself provides a
crucial input in the quality of the final product, as well as its correspondence to the given
geometry and sizes [6].

The selective laser melting (SLM) is an additive manufacturing process. Complex compo-
nents can be generated directly out of powdered metal on the base of CAD-Files. This
manufacturing method is used for the manufacturing of tools for the plastic injection
molding and the die casting. It is also possible to produce very filigree structures for
dental and human implants. Today, diverse applications in the area of rapid prototyping,
rapid tooling and rapid manufacturing are found. Currently, there are 10 materials qual-
ified for this manufacturing method. These are high quality steels, titanium-, aluminum-
and nickel-based alloys with powder grain sizes between 10 and 60 um. The producible
layer thickness is between 20 and 50 um. It is possible to achieve a component accuracy
of +50 um. The processing speed is 5-20 cm’/h depending on the space utilization. The
generated parts have a homogeneous structure and a density of almost 100%. Not only
the physical but also the mechanical properties of the produced components comply with
cast structures.

The manufacturing process of the SLM can be subdivided into three phases, which recur
periodically. During the first phase, the substrate plate is lowered by one layer thickness.
In the second phase, a new layer is applied on the substrate plate with the help of a coater.
In the last step, the powder is scanned by the laser. Due to the absorbed energy, the
powder fused at the scanned areas. This procedure will be repeated until the component
is completed.

As a result of the layered build-up, the selective laser melting allows the manufacturing of
components with hollows and undercuts. The developer gets a huge degree of freedom
concerning the part geometry without being limited by restrictions of conventional manufactur-
ing methods. In addition to that, it is possible to integrate multiple functions in the component.
Thanks to this great freedom in design, it is also possible to individualize the products and to
enlarge the number of variations arbitrary.
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In comparison to the indirect laser sintering processes, several process steps can be omitted like
in infiltration of the part with other materials. Since the introduction of the SLM process, time-
consuming and cost-intensive thermally after-treatments can also be substituted. The whole
process chain and thereby the manufacturing time of the product can be reduced thanks to this
change. In branches with very short product life cycles, the generated saving of time is a big
competitive advantage. Especially in areas in which small lots of little components are required,
the SLM process already became a competitive alternative to the conventional manufacturing
methods. The metallic substructure of dental crowns can be manufactured with the help of the
SLM process within 48 hours. In the SLM, the complexity of a component has only a low effect
on the unit costs, because the costs of this process are more volume- than geometrical-based. The
parts with a high degree of complexity are particularly suitable for the SLM, because its
manufacturing with conventional processes is either very cost intensive or not possible.

Currently, SLM is used to manufacture functional prototypes and to build up final parts directly.
In this case, the field of commercial applications is limited to single parts or parts in small
batches. The tool- and mold-making industry is a typical example of a branch producing final
parts in small batches of approximately one to eight. Because of the almost infinite geometrical
freedom, SLM is applied to manufacture tooling inserts containing conformal cooling channels.
Thanks to SLM, an improved tool cooling can be attained, resulting in reduced cycle times and
improved part quality. As a result, the rapid manufacturing method SLM offers massive cost
savings in combination with better functionalities despite the higher manufacturing costs for
small batch production. Medical technology is another area applying the infinite geometrical
freedom and variability of SLM. According to the current state of the art, individual implants in a
batch size of one are manufactured with SLM. Typical examples of application are hip implants
or surgical instruments out of titanium alloys as well as dental restorations out of cobalt chro-
mium. Compared with conventional manufacturing methods like for example casting, SLM can
significantly decrease the processing time and the production costs. Furthermore, the given
geometric freedom can be used to manufacture implants with new functionalities such as hollow
structures, graded porosity, adapted rigidity or surface structure.

Laser melting from metallic powders is a free form fabrication method causing great interest in
the past decade. It has been reported recently that selective laser melting (SLM) using different
alloys and steel powders is suited to create geometrically complex commercial components
[7, 8]. Several reviews on SLM fabrication of 316L stainless steel were published [9, 10]. The
influences of power, scanning speed, hutching, building direction on the microstructure and
mechanical properties of fabricated 316L specimens have been studied; many researchers
report on the effect of the material characteristics such as chemical composition, particle shape,
size, and its distribution on laser melting of 316L stainless steel powder [10-12]. At present
time, it is evident that SLM is a parameter sensitive process, and therefore for better under-
standing of these technology possibilities, it is necessary to get more information about
mechanical and structural properties of standard specimens.

In the last years, additive technologies achieved a rapid boost, due to the requirements of the
modern industry, including the increased productivity, achieving better properties and also low-
ering the technical and economic costs[13, 14]. Additive technology methods, specifically the SLM,
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are widely used for the complex shape items and structures functional elements production [15].
Along the wide diversity of the metal powder materials, based on the stainless steels, which are
commonly used in the SLM process, the martensite grade steels should be identified separately,
because they are characterized by the non-equilibrium martensite structure and the inner stresses
presence. A special interest is evoked, in case the SLM method utilization, by the 410L stainless
steel, which represented by the quite simple chemical composition, that allows avoiding high
segregation heterogeneity, although, the presence of a double a-y transformation, requires special
approaches for the 410L-based items production. Therefore, one of the main scientific objective,
which is need to be solved, regarding the usage of martensite grade steels is an appraisal effect of
the main technological parameters of the SLM process on the structure and mechanical properties
of the producing items, because an overall integrity can only be achieved by utilizing an optimal
methods and process parameters [16]. In addition, there is a necessity to implement an additional
heat treatment, because of inner stresses and overall structure heterogeneity of the samples at the
origin state after the laser melting process. In this connection, it seems important to try to find out
whether it is possible to change the dispersion of the powder, the thickness of the melted layer, as
well as the heat-input modes of its fusion to achieve a lower anisotropy.

Manufacturing of the cellular or thin-walled structures by the SLM is of a great scientific and
practical interest [19]. It belongs to the fact that this approach allows to produce structures
practically of any configuration and thickness, that is unobtainable or hard to achieve by the
traditional methods [5]. Due to the possibility to obtain high values of specific mechanical and
deformational properties in cellular or thin-walled structures, this kind of material is perspec-
tive to use in different areas: medicine, transport, machinery, aviation industries, etc.

Thin-walled cellular energy absorbing materials are widely used in different industry areas for
the efficient energy damping in cases when it is necessary to immediately stop high speed
transport vehicle. Based on the cellular structure of the energy absorber material, it is possible
to manage the stop distance and maximum load [20-22].

We will start with a complex overview of methodological principles of the proper item place-
ment (Section 2) during the building process. It will determine the future structure and
mechanical properties of the produced items. In Section 3, we will determine the optimal
SLM parameters to obtain the necessary properties of the common stainless steels like 316L,
321 and 410L. Also, it will be shown that there is a necessity to implement a heat treatment for
the martensitic steels, allowing to increase overall mechanical features. And a short, Section 4
will highlight the possibility of obtaining the complex-shaped items like hexagonal energy
absorbers and discuss structure and absorbing properties, implementing a quite amount of
scientific investigations.

2. Methodology of choosing the proper item placement during the SLM
process

One of the most complex areas during the item production is the inner hollows, access to
which for the mechanical treatment is impossible. In this case, it is obligatory to place the item
in such a way that there will be a possibility for the future treatment if it is necessary.
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At first, let us describe the variants of supports placement and building on the example of two
items: curved tube and micromotor, traditionally used in medicine area.

For the first example, let us take a look on the tube sample production approaches. It is well
known that the time consumption of item manufacturing increases in proportion to its height.
Therefore, the first and most obvious solution will be a horizontal item placement (Figure 1a).
However, while producing an item, it is necessary that the inner surface of the curved tube will
provide minimum defects quantity, and in case in their presence, there should be a possibility
for their access and removal. Taking it into account, other placement variants will also occur
unsuitable (Figure 1b, c) because of the defects formation on the curved area of the item
(indicated by the black colored marker).

Therefore, it is stated that the only one suitable placement variant, providing the compromise,
is the one presented in Figure 1d.

It should be mentioned that during the item preparation (designing), it was constantly advised
to place supports inside the horizontal part of the tube and also on the outer side of the
inclined part of the tube. While they are removed or shortened, the program has given the
error notification. An image of the ready-to-use item is presented in Figure 2.

Another common problem during the item production is the support minimization. Also, it is
preferable that the supports are absent in the places where after the production cycle it is
practically impossible to perform the mechanical treatment because of the possibility to damage
the items surface. As the second example, let us take a look at the micromotor sample. During

Figure 1. Examples of the supports disposal and “problem areas” indicating for the curved tube sample (a — supports
inside the tube; b and ¢ - circled areas, which are hard to complete using SLM; d — optimal item disposal).

1cm

Figure 2. An image of mechanically treated curved tube sample after the SLM process.
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the production of such kind of items, it is necessary to provide the support absence on the
micromotor blade surface.

Estimating the provided 3D model, it should me mentioned that the blades in their joints with
the lower part have the limiting angle less than 45° (Figure 3), and at the same time, the necessary
requirement is that the support is produced along the blade, until the angle will be 40° or more at
its best, for better item production. Taking into account that the blades have enough thickness
related to their height, therefore enough toughness, it is necessary to strengthen them and protect
from the mechanical effect from the ceramic blade, performing the powder layer by designing
the circuit support, beginning from the top part of the item and ending on the platform and the
most important—that the circuit support should be adjoined with the blade edge (Figure 3).
Under such requirements of the blade and the vertical support, an overall rigidity of the structure
is increasing, providing the better chances for the item production (Figure 3).

Therefore, a proper item placement for the building process and supports placement optimiza-
tion are the guarantee of a complex shape item qualitative production. At the present time, it
is practically impossible to carry out such optimization using software options. The final decision
is up to designer.

2.1. Structure features of the complex shape items produced by the SLM method

After the item building has finished, the first and major step is to investigate its quality and
structure.

For the curved region, the micro sections were obtained in two planes: parallel and normally to
the building plane of the sample. The structure images of the pipe sections are presented in
Figure 4.

The structure analysis showed that in this case there are not many differences between the
sample transverse and longitudinal cuts. All the pictures in Figure 4 represent a quite uniform
structure, despite the presence on a small amount of pores. In general, an important thing lies
in the areas near the sample edges (especially the bottom part). In all the cases, the structure
distortion is observed and the porous contamination is drastically increased. The maximum

Figure 3. Different supports disposals and the limiting angle for the micromotor sample with the mechanically treated
item (a — supports placement on the bottom part; b — optimal supports disposal; ¢ —item after supports removal (the angle
value on picture is 25°); d — mechanically treated item.
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Figure 4. SEM structures obtained on the curved part of the tube: a, b, c—transverse cut; d, e, f—longitudinal cut (the
scale in the red incut is 10 um).

pore size is about 30—40 um. It should be mentioned that the most part of the pores accumu-
lates in the beside-contour layer.

As in Figure 4, the structure in its transverse direction practically does not differ from what we
can see in Figure 4a—c. Separate crystallites are observed; an overall continuity is not violated;
however, a small amount of pores is presented. Another pattern is observed on the longitudi-
nal cut where porosity seems to be increased, and the pores in some cases consist from the
unmelted components of the raw material (incut in Figure 4d).

Taking into account recommendations regarding the tube sample placement, according to the
given variant in Figure 1d, the necessity occurred to perform investigations on the “problem
area,” marked with black circle. The main feature of this area is that during the selective laser
melting process, the top part of the tube basis is closing up and there is a possibility to obtain
some structure changes (Figure 5) because of the increased heat input.

The investigated area (around 1 cm width) is characterized by the irregular structure pres-
ence and a quite big amount of pores, up to 20 um, which increases in case of longitudinal
cut with some areas of “crumbly” structure, where along with the pores the unmelted
particles of the raw powder materials are presented. During the SEM analysis, we also
calculated the porous contamination in both cases. The lower amount we achieved is 0.8%
on the transverse cut and the highest is 6.4% on longitudinal cut (Figure 5b, d; yellow color
markers).
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50 pm

300 pm y o il 50 Hmip

Figure 5. SEM structures obtained on the “problem area” of the tube: a, b—transverse cut; ¢, d—longitudinal cut.

As per the chosen items of curved tube and micromotor, an analysis of their proper placement
and supports was carried out. It is stated that in case of the curved tube there is only one suitable
disposal, since there will be no defects on the inner surface and the future mechanical treatment
of these areas is drastically simplified. For the micromotor sample, we have found that there is a
solution for building and elements under the 250 angle by the proper optimization of the
supports placement. The porous content is changing in the range between 6.4 and 0.8%.

3. Structure and mechanical properties of austenitic and martensitic steel
samples after SLM process

For estimating the mechanical properties, models for the uniaxial tension (ASTM E8) and
impact strength (ASTM D6110) tests were designed and simultaneously to each other were
manufactured on a single platform under nitrogen shielding atmosphere. Samples for the
uniaxial tension had the working body diameter of 5-6 mm. Impact strength samples were
produced with the square section of 10 x 10 mm?”. Horizontally built samples were already
manufactured with the U-shaped notch in two ways (Figure 6). The notch on the vertically
built samples was made during the finishing mechanical treatment. Three samples were made
for each type of mechanical testing.
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To investigate the building parameters effect, we have chosen three stainless steel-based
powders: two austenitic (316L and 321) and one martensitic (410L). SEM images of the powder
and their granular distribution are presented in Figure 7.

It is seen that for the 410L and 316L powders the distribution is thinner that for the 321 steel,
which can affect on porosity and other properties during the items production. In Figure 8, the

Tension tests
samples
Hardness/Impact
Building direction Strength samples
(BD)
@ Notch was builtim
the main process

Figure 7. SEM images of the stainless steel powders and their granular distribution.
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Figure 8. Dependences of the density (black lines) and porosity (gray lines) of steel samples vs. heat input; colored square
symbols—Steel 321, layer thickness 40 pm; open square symbols—steel 321, layer thickness 20 um; colored round
symbols—316L steel, layer thickness 40 um.

effect of layer thickness and level of energy input (calculated as a relation between laser beam
power and scanning speed) for the 316L and 321 steels are presented.

The density and porosity of the samples are shown in Figure 8, from which it can be seen that
the thickness of the melted layer significantly affects both characteristics. The smaller values of
the density of samples, built at a 40-pum thick layer, can be explained by the presence of a larger
number of pores and other inclusions. For samples from a larger 316L steel powder, the
density increases more slowly with increasing heat input than in samples of a smaller 321 steel
powder. It can also be concluded that the density values at 20 um are closer to those for
materials obtained by traditional metallurgical methods.

The results of the KCU tests for samples of 20 and 40 pm are shown in Figure 9, and a number
of conclusions can be drawn from them. First of all, the KCU increases almost linearly with
increasing energy input. In the range of values from 0.22 to 0.3 W s/mm, the anisotropy of KCU
is maintained between horizontal and vertical samples. Secondly, samples from a larger pow-
der of 316L steel obtained with a 40-um thick layer, with increasing energy deposition, do not
reach the same impact characteristics as the same obtained with a layer thickness of 20 pm.
Samples of fine steel powder 321, formed with a layer thickness of 40 um, possess the same
impact properties as the samples formed with a 20 um thick layer, with an increase in energy
deposition by 1.5. Consequently, when using a larger powder, the growth of any parts with a
layer thickness of more than 20 um is not feasible.

It should also be noted that the KCU of the samples is 2-3 times lower than that of the samples
from the same steels obtained by thermomechanical treatment. On the one hand, this may be
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Figure 9. Dependences of the KCU of steel samples vs. heat input; square symbols—horizontal samples; round symbols
—vertical samples, colored symbols—layer thickness 40 pm; open symbols—layer thickness 20 pm.

due to the fact that the notch of horizontal samples was applied in the model and formed
during the building process. Taking into account the fact that in the building process the
contour of the future layer is firstly melted by the laser, and then the layer itself is hatched,
the microstructure of the contour layer will differ from the microstructure of the hatching
layers. Thus, the KCU of a specimen with a mechanically made notch will be higher than that
of a specimen with a grown notch [17]. However, even under such unequal conditions of
testing, a rather large anisotropy is observed. On the other hand, this may be due to the
presence of the pores in the samples of such dimensions that can affect the initiation of the
crack during impact tests.

The results of mechanical tensile tests are shown in Figure 10. It can be seen that the anisotropy
of mechanical properties is also preserved in all cases. To achieve the same mechanical prop-
erties at a thickness of the melted layer of 20 and 40 pm, it is necessary to increase the energy
input by a factor of 1.5-2. It is noteworthy that the elongation of samples from steel 321 with
increasing energy input to 0.27 and higher is no longer dependent on the building direction
and comprise about 30-35%. This confirms that the presence of particles in the powder less
than 20 pum positively affects the formation of mechanical properties.

A martensitic-based steel (410L) is standing beside the aforesaid ones due to the presence of a
couple phase transformations, which can lead to some unacceptable results.

For the 410L steel, the hardness values measured on the sides of the standard samples showed
that this property is independent from the samples disposal on the platform and it is linearly
increasing with evaluation of the laser emitting power. The maximum hardness value was
achieved at 190 W laser power and composed around 230 HB, which is more than the standard
values for this type of steel around 195 HB. These hardness values (exceeding the standard
ones) indicate the presence of residual stresses inside the structure.

It should be mentioned that the impact strength values of the as-build samples are practically
independent of the U-shape notch disposal and laser power, composing meanly 5-6 J/cm?.
Herewith, after the heat treatment, these values are increasing linearly with the laser power
growth from 17 to 32 J/em?, i.e. 3-6 times rise (Figure 11).
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Figure 10. Dependences of the yield strength, tensile strength and elongation of samples from 316L and 321 steel from
energy deposition made at a layer thickness of 20 and 40 um; square symbols—horizontal samples; round symbols—
vertical samples; open symbols—layer thickness 20 um; colored symbols—40 um.

The uniaxial tension tests of the as-build samples disposed horizontally and normally showed
that in the last case, destruction is performed not by the samples body but in the attachment
point. Drastically low values of relative elongation and diameter reduction are achieved, com-
prising 1.5 and 3.2%, respectively (Figure 12c). A completely different case was observed on the
horizontally built samples, in which the tension occurred in the center of the sample body. It can
be assumed that this is due to the structure as well as properties anisotropy of the additive
material, depending on the samples disposal during the SLM process [17]. Presumably, such
unsatisfactory values can be the result of the structural heterogeneity after SLM process.

For the horizontally built samples, the chart of the ultimate tensile strength (UTS), yield
strength (YS) and relative elongation dependences from the laser emitting power is presented
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in Figure 12. As it seen, the dependency is approximately linear and the values are increasing
simultaneously with the laser emitting power.

The measured values of mechanical properties in the as-build state also correspond to the
residual stresses, which drastically lower these numbers The possible way out of this problem
is to implement a heat treatment. In this review, we have chosen to perform 2 cycle oil
quenching-tempering treatment for trying to avoid the inner stresses content.
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The carried out heat treatment (quenching and oil tempering), in general, allows increasing the
UTS values, which are stay constant at the level of 450 MPa, independently from the laser
emitting power (Figure 12a). The YS in contrary with the UTS is increased only at 175 W
power. After further power growth, the investigated property value lowers, providing a linear
tendency (Figure 12b). Also, a growth in the relative elongation values is observed in compar-
ison with the nonheat-treated samples, which indicates on the deformational ability improve-
ment of the material.

The similar increase of the KCU values occurred also after heat treatment (Figure 11). The
maximum value is 30 J/em? that corresponds to the requirements on this type of steels.

The performed mechanical tests and the achieved results showed that after the SLM process
the structure state could be characterized by the inner stresses presence, which has an effect on
properties, specifically on the impact strength. Providing the heat treatment allows removing
the crystalline lattice distortions by the quenched martensite decay and lattice tetragonality
rate lowering.

3.1. Samples structure

Structure investigation of the 316L and 410L steel was performed on the micro sections taken
from the cross-cut of the specimens after testing.

Figure 13 shows layer-expressed austenitic structure, thickness and width of which are about
100 um, which is 2.5 times more than the thickness of the powder layer and initial particle size.
Also “big” grain’s creeping is seen over the layer boundary, where non-metal (silicon and its
oxides) inclusions are presented. One can say that the heredity of the orientations comes from
layer to layer during the crystallization on the boundary.

A sample, obtained by the SLM process is characterized by the quasi-regular lamellar struc-
ture, that is specified by the fluctuations of chemical composition in the melt and crystalliza-
tion areas. On the micro-sections in the EBSD analysis, an cambered with 20 £ 10 um period
crystallization fronts are observed, caused by the temperature pulsations and concentration
heterogeneities (Figure 14a).

During the crystalline orientations, the transition zone, consisting of epitaxial layer and pri-
mary crystals, is not observed (Figure 14a). The orientation lines indicate only the contours of

Figure 13. SEM and EBSD structures of the 316L-based sample after the SLM process.
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Figure 14. EBSD structures of the 410L-based sample after the SLM process (a — crystalline misorientations map; b —
residual deformations map).

the powder melting zones. Because of the epitaxial growth of the crystals, formed during the
solidification from the melt zone, it is occurred that the size of the primal crystals is moving
towards the size of the origin powder particles. The crystalline size along the building direc-
tion is multiple times overcoming the depth of the melted layer. The misorientation character
of the 410L steel grain boundaries is similar to the disorientations for the martensite steels,
produced by the traditional technologies. The mean Ferre diameter and elongation of a single
crystal are 68.17 and 0.289 um, respectively. The bigger crystalline chords are orientated
predominantly by +20° with respect to the samples building direction. Within the crystallites,
the disorientations of marked crystallographic directions are not exceed 5°.

Figure 14b represents the map of the residual deformations of the 410L-based sample in its as-
build state (after SLM process), which confirms the inner stresses presence (red colored areas—
quenched martensite) [18]. It should be mentioned that the blue colored areas, where the
hardening is practically absent (tempered martensite area), are not common for the martensite
steels; therefore, the problem of their presence in the structure is still unsolved. Phase analysis
by the EBSD method shows that steel saves its one-phase austenitic structure, as no ferrite
(alpha-phase) contents were detected.

In general, the EBSD analysis of the samples, produced by the SLM method, showed the
obtaining the structure that is uncommon compares to the traditional methods of production.
The “distinctive” feature of the structure such as grain epitaxial growth and their creeping over
the layer boundary determines the final properties and overall quality of the product.

The carried out complex investigation of varying mechanical properties in dependence with
laser power and mutual disposition with respect to the BD occurred to be quite important in
case of determining the properties anisotropy. This fact on its turn will determine further
utilization of these technologies in case of designing and producing more complex details and
components of different machinery.
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4. Cellular energy absorbing structures, produced by the SLM method

Traditionally, the cellular energy absorbers are produced from the thin corrugated sheets,
joined to each other by different methods of gluing or welding [8, 20-22]. While using the
additive technology, the main difference from the traditional one is that the cellular elements
can be produced practically of any shape and the method itself is 100% waste-free, because no
additional support structures are needed.

Samples with different wall thickness were modeled using CAD software. The 3D model of the
honeycomb samples consists of 85 regular hexagons with the side length of 2.5 mm, stacked
one to another and inscribed into the circle of 44 mm diameter (Figure 15). The height of the
samples is 44 mm.

Prior the start of the compression tests, the structure of the samples was investigated. The
common view of the hexagonal element with the wall structure of the samples from the side
of electro-erosion cut and the EBSD structure analysis are presented in Figures 16 and 17,
respectively. It is seen that the thin-walled element is produced quite well. The walls are
connected under angle 118-1220. The wall thickness is uniform, and no deviations or “wav-
iness” are observed. With the higher magnification, it is assured that the heavy expressed
pores are absent. Also on the wall surface, it is clearly observed that a big cluster of small
powder particles (less than 10 um) always join the wall during the scanning process of the
powder surface by the laser beam. Notably, particles of size more than 20 um are absent on
the surface.

Analyzing the EBSD maps, provided in Figure 17, we can make an assumption that the crystal-
line structure features are in relation with the building conditions. On the right picture, the
changing of the structural state from the item surface to the center of the honeycomb element is
noticed. As an example, a fine-crystalline structure in the contact zone between the melted item
and powder raw material can be explained by the smaller powder particles gluing to the surface
during building process. With the increasing distance from the item boundary deeply to the
honeycomb joint, the temperature gradient lowers; therefore, the amount of grains per area unit

Figure 15. 3D-CAD model (on the left) and the produced samples on a single platform (on the right).
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Figure 17. EBSD analysis of the central part of the honeycomb element.

also lowers. Moreover, in the results of EBSD maps analysis, we noticed an area in the centre of
hexagonal structure joint (left picture) where the bending (misorientational) effect is prevailing.
Such intergrain misorientation effect can be due to the elastic-plastic deformation and irregular-
ity of the heat fields, affected by the laser beam scanning strategy during the melting.

An exterior of the samples after the compression tests and compression dependencies are
presented in Figure 18.
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Figure 18. A typical view of the samples after compression tests (on the left) and load vs. displacement dependencies (on
the right).

It can be seen that the samples were destructed uniformly without the size expansion. The
reason can be the fact that during the samples compression process the uniform localized
folding took place. The compression dependencies are looking familiar for these types of
objects—a peak, corresponding to the activation load and a pace area, corresponding to the
uniform destruction mode.

Crush force efficiency (CFE) is an important parameter to evaluate the performance of the struc-
ture during the crushing process, which is calculated as the ratio of activation load to compression
load [23, 24]. Calculation CFE gives almost constant value from 0.7 to 0.8 that allows considering
these structures as a good quality material produced by the selective laser melting [20-22].

Based on the example of the cellular structures, it was shown that utilization of additive
technologies allows obtaining a material with high performance mechanical properties com-
parable to the traditional corrugation technologies. The minimum wall thickness is 92 pum.

5. Summary

This chapter has illustrated several complex challenges, facing which is common fact when
utilizing additive technologies, more specifically —selective laser melting of metallic powders. It
has been shown that there is only one suitable positioning of the item and its supports, which
increases an overall quality and properties of the final product. Also, we have discussed a
possibility to obtain samples from the different steel grades and pointed out the difficulties,
occurred on the martensitic steel. Complex analysis of the mechanical testing results showed
that the SLM-built samples provide increased mechanical properties compared to the tradition-
ally manufactured (e.g. casting) ones. The structure obtained through the SLM process is uncom-
mon to the standard structures of austenitic and martensitic grade steels. Production of the thin-
walled honeycomb elements with the energy absorbing feature seems quite perspective, provid-
ing a waste-free technology with a results comparable to other manufacturing methods.
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