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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
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.



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 DMmodels

with the sizes of a formation zone of 5700 � 1200 � 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:

1. distribution of density of an energy flow of a heat source;

2. initial temperature of a sample;

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

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. In the process in question, the strength of a plasma arc, the feed rates of a support material

Vн and wire Vп 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. An energy 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. In order 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 Vп

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 Vн (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 ϕ, 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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Courses in metal and in air are described by free thermal convection equations for incompress-

ible media in Boussinesq approximation [42]:

∂

∂t
r u

!
� �

þ u
!

∇

� �

r u
!

� �

¼ �∇PþDivτþ F
!

div u
!

¼ 0

τij ¼ μ
∂ui
∂xj

þ
∂uj

∂xi

� �

: (1)

where r—density, u
⇀

—melt flow velocity vector, μ—dynamic viscosity, P—pressure, F
!

—total

volume force being as follows:

Figure 3. Symmetric longitudinal section of the computational domain.

Figure 2. Geometry of the computational domain.
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F
!
¼ r g

!
β T � Tref

� �

� C
1� f L
f 3L þ B

 !

u
⇀

þFsv
!

, (2)

where g—gravitational acceleration, β—thermal-expansion coefficient, T—absolute tempera-

ture, Tref—initial temperature taken as the solidus temperature (TS).

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 104 … 106), fL—a function

determining the position of a boundary between a liquid phase and a solid one in a metal

(fusion zone boundary) [39]:

f L ¼

1 T > TL

T � TSð Þ= TL � TSð Þ TS ≤T ≤TL

0 T < TS

8

>

<

>

:

(3)

where TL and TS—liquidus temperature and solidus temperature.

The third equation member (2) Fsv
!

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:

∂T

∂t
þ u

!
∇

� �

T ¼ a �
∂
2T

∂x2
þ

∂
2T

∂y2
þ

∂
2T

∂z2

� �

þ
Q

cr
(4)

where T—absolute temperature, a ¼ λ=Ceff � r—thermal diffusivity coefficient, u—melt flow

rate, c—thermal capacity, r—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 ¼ qr � qp � qh T � T0ð Þ � σсбεч T4 � T4
0

� �

� �

δ ϕ
� �

nz,

qr ¼ η0
2Q0

πr2
exp

�2 x� Vнtð Þ2 þ y2
� �

r2

0

@

1

A (5)
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qp ¼
FprL CpS TL � T0ð Þ þ Lm þ CpL T � TLð Þ

� 	

, T > TL

FprL CpS TL � T0ð Þ þ Lmf L � 1� f L
� �

Lm
� 	

, TS ≤T ≤TL

FprS CpS T � T0ð Þ � Lm � CpS TS � Tð Þ
� 	

, T < TS

8

>

<

>

:

Fp ¼ NS rð ÞVп

whereQ0—maximum thermal power in a source, r—radius of a thermal spot from a source, η0—

efficiency of a heat source, qh—thermal flow coefficient determined by a convective current,

σсб—Stefan-Boltzmann constant, εч—metal blackness degree, rL and rS—densities of a liquid

phase and a solid one of a metal, CpL and CpS—specific thermal capacities at a constant pressure

of a liquid phase and a solid one of a metal, Lm—specific metal melting heat, NS(r)—function

determining the distribution of a material to be delivered to a deposition zone, to be determined

by deposition conditions (see Figure 3), δ(ϕ) and nz—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:

Сeff ¼ С0 þ
exp � T � Tmeltð Þ= TL � TSð Þð Þ2

h i

ffiffiffiffi

π
p

TL � TSð Þ Hf , (6)

where C0—thermal capacity depending on temperature, Hf—latent melting heat, Tmelt—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 μL in a melt to an actually

infinite value in a solid metal μS. The value of viscosity in (2) was determined by means of

function (4) as [44]:

μ ¼ μLf L þ μS 1� f L
� �

(7)

In calculations, μS will be final, but it will be such as μS >> μL, 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 Fsv is concentrated in a narrow transitional layer where density and viscos-

ity gradients markedly differ from zero;

• direction Fsv coincides with the direction of remote function gradient ϕ;

• value Fsv 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:

Fsv
!
¼ � σk ϕ

� �

∇ϕ�
∂σ

∂T
∇sT � p

д
n
!

� �

δ ϕ
� �

(8)

where ϕ—marker function, k ϕ
� �

—interface surface curvature,

k ϕ
� �

¼ div n
!
, n

!
¼

∇ϕ

∇ϕ
�

�

�

�

, nz ¼
1

∇ϕ
�

�

�

�

∂ϕ

∂z
(9)

δ ϕ
� �

—Dirac delta function, σ—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 ∇sT—temperature gradient component tangential to a curved surface.

The third addend specifies the pressure force of plasma arc [44]:

p
д
¼ 2kIIa exp

�2 x� Vнtð Þ2 þ y2
� �

r2

0

@

1

A (10)

where Ia—arc current, kI—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 ϕ. As for the remote function, we solve a transfer equation that will

be as follows:

∂ϕ

∂t
þ Fpþ n

!
� u
!

� �

� ∇ϕ
�

�

�

� ¼ 0 (11)

Density, viscosity or concentration values are restored according to the remote function. For

example, in case of density we have:

r ϕ
� �

¼ r1 þ r2 � r1ð ÞH ϕ
� �

(12)

where r1 и r2—media density, H ϕ
� �

—Heaviside function set by the following expression:

H ϕ
� �

¼

0 if ϕ < 0, air

1

2
if ϕ ¼ 0

1 if ϕ > 0, metall

8

>

>

<

>

>

:

(13)

For numerical implementation, expression (13) is written as
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The delta function in expressions (5) and (8) is equal to

δ ϕ
� �

¼ H0

ε ϕ
� �

¼
∂

∂ϕ
Hε ϕ

� �

(15)

δ ϕ
� �

¼

1

2ε
1þ cos

πϕ

ε

� �� 


if ϕ
�

�

�

� ≤ ε

0 otherwise

8

<

:

(16)

The thickness of a transitional layer between the phases is equal to 2ε. It is usually supposed

that ε ¼ αΔxwhere Δx is a distance between nodes of a spatial grid or a grid cell size around a

boundary, α 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 dpf and das are

proportional, and it is impossible to control their size separately. The diameter of a plasma flow dpf
is actually determined by the diameter of a nozzle dpf ≈ dn [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. Рpf—Power delivered by convection by a plasma flow, Рas—power emitted at an anode spot, Рcs—power emitted

in a cathode region, dpf—diameter of a plasma flow, das—diameter of an anode spot, dcs—diameter of a cathode region.

Figure 5. Aspects of a heat transfer to a product during the operation of a plasmotron with a current of reverse polarity.

qcs—Density of a thermal flow from a non-stationary cathode spot, q—density of a resulting thermal flow, d—diameter of

the influence of a thermal flow, h—fusion depth of a base.
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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�105–106 A/m2), and local specific

thermal flows in the area of short-term influence at a spot reach values (q�106–107 W/cm2)

(Figure 5). The time-averaged thermal influence of cathode spots can be approximated evenly

by a thermal source distributed along the area restricted to dcs. 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 dpf is supposed to be the diameter of a

nozzle dcs ≈ dn [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 dcs 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].

dcs ¼ 7, 918þ 0; 108Ia þ 1; 235Qp þ 1; 235Qpg � 0; 238V � 0; 599Н, (17)

where Ia—arc current, Qpg—protective gas consumption (l/min), Qp—plasma-forming gas

consumption (l/min), V—plasmatron displacement speed, m/h, H—plasmatron nozzle height

above a product (mm).

Figure 6. Traveling of cathode spots along a product surface during the operation of a reverse polarity plasmotron.
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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 dpf, and an evenly distributed source of diameter dcs. 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.

Figure 7. Geometry of the computational domain.

Attribute Designation Size Value

Liquidus temperature TS [K] 1723

Solidus temperature TL [K] 1673

Specific heat capacity C [J�kg�1
�K�1] 500

Density r [kg�m�3] 7000

Thermal conductivity λ [W�m�1
�K�1] 28.9

Specific melting heat Hf kJ/kg 84

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

Additive Manufacturing of High-performance Metals and Alloys - Modeling and Optimization46



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

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

Figure 9. Weld bed formation results.

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

800 5 15

Table 2. Deposition mode parameters.
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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; tð Þ in area Vk with boundary Sk, with accepted hypotheses

taken into consideration, includes [81]:

Thermal conductivity equation:

r xð Þc x;Tð Þ
∂T

∂t
¼ div λ x;Tð Þgrad Tð Þð Þ þ r xð Þ _q x; tð Þ, x∈Vk (18)
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where c x;Tð Þ, λ x;Tð Þ, r xð Þ—thermal capacity, thermal conductivity and density of an unevenly

alloyed material, _q x; tð Þ—specific strength of an external heat source.

Boundary conditions:

�λ x;Tð Þgrad Tð Þ � n ¼ h Tð Þ � T � Tc tð Þð Þ þ εσ0 Tð Þ4 þ

ð

Sk

Ie
r2

cosθdSk, x∈ Sk (19)

where the first addend of a right part describes a convective heat transfer, and the second one

—radiation (the Stefan-Boltzmann law); the third one—radiation from a plasmatron nozzle,

ε—blackness coefficient, σ0—Stefan-Boltzmann constant, Ie—source radiation capacity, r—

distance between a surface point and a source, and θ—angle that is formed by a surface

normal directed to a source, h Tð Þ—heat transfer coefficient, Tc tð Þ—ambient temperature, n—

external single normal to the boundary S of a body being cooled.

Initial conditions:

T x; t0,kð Þ ¼ Tk�1 xð Þ, x∈Vk (20)

where T x; t0,kð Þ—initial temperature distribution for substage k, Tk�1 xð Þ—temperature deter-

mined at the end of a previous one.

These relations consider that an area of study Vk ¼ V liv
k ∪Vkil

k remains invariable throughout a

substage. Here V liv
k and Vkil

k 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 xð Þ, x∈Vkil
k << c x;Tð Þ, x∈V liv

k , r xð Þ, x∈Vkil
k << r x;Tð Þ, x∈V liv

k ,

λ xð Þ, x∈Vkil
k >> λ x;Tð Þ, x∈V liv

k .

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:

div bσ ¼ 0, x∈Vk (21)

where bσ x; tð Þ—stress tensor;

Cauchy geometrical relations:

bε ¼
1

2
∇uþ ∇uð ÞT

� �
, x∈Vk (22)

where u x; tð Þ—displacement vector, bε x; tð Þ—total deformation tensor.

Displacement boundary conditions:

u ¼ U, x∈Su,k (23)
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Stress boundary conditions:

bσ � n ¼ P, x∈ Sσ,k (24)

where Su, Sσ—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:

4bC xð Þ, x∈Vkil
k << 4bC x;Tð Þ, x∈V liv

k ,

where 4bC—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:

bσ ¼ 4bC � � bε � bεT � bεBð Þ (25)

bεT x; tð Þ ¼ bE
ðT

T0

α x;T x; tð Þð ÞdT (26)

where 4bC—the fourth-rank tensor of elastic constants of the material; bεe x; tð Þ ¼ bε x; tð Þ�

bεT x; tð Þ � bεB x; tð Þ—the tensor of elastic deformations, bε x; tð Þ—the tensor of total deformations;

bεT x; tð Þ—the tensor of temperature deformations; bεB x; tð Þ—the tensor of viscous deformations;

α x;Tð Þ—the coefficient of temperature expansion of the material; T0—the onset temperature of

temperature deformation; bE—the second-rank identity tensor. The viscous deformation rate is

calculated according to the formula:

_bεB x; tð Þ ¼ _εB x; tð Þ
3

2

bs
q

� �
,

where bs x; tð Þ ¼ bσ x; tð Þ � σ x; tð ÞbE—the stress deviator; σ x; tð Þ ¼ σkk=3—the average stress; q—

the equivalent stress q ¼
ffiffiffiffiffiffiffiffiffiffiffi
3
2
bs : bs

q
(the following symbol “:”means a scalar product, the symbol

“��”, set in earlier, means a tensorial product); _εB ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
3

_bε
B

:
_bε
B

q
—the equivalent viscous defor-

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

_εB ¼ Ae�
U
RT sinh ξ

σ

S

� �h i1
m

(27)

The model also includes the evolutionary equation:

_S ¼ h0 Bj jð Þa
B

Bj j

� �
_εB (28)
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The equation involves a possibility of work hardening and work softening. The designations

are as follows:

B ¼ 1� S

S
∗; S∗ ¼ S1

_εB
A
e

U

RT

h in
; σ—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, h0, ξ, 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:

bσ ¼ 4bC � � bε � bεT � bεB � bεk�1ð Þ (29)

where bεk�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 (Eqs. (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. ta.

To remove the heat source and wait for the holding time twi.
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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 ta, taking into account possible overlapping of plasmatron

motion paths, is calculated according to the formula

ta ¼
Ss

νs � ds
(30)

where Ss ¼ πD2
S=4—the size of the spot, νs—the movement speed of the plasmatron, ds—the

distance between adjacent tracks.

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

twi ¼
Sk

ds � νs
(31)

where Sk—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:

~W T ¼ K �W=Ss (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:

_q ¼ _qS � Sk=Vk ¼
W � K

Ss � hk
(33)

where Vk—the volume of the deposited area, hk—the thickness of the layer. Thickness of the

deposited layer hk 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 ta.

To implement temperatures, previously calculated for the end moment of the holding

time, and hold for twi 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 х 100 х 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 ¼ 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 ¼ 2:7 kW, diameter of the spot is Ds ¼ 6mm.

Subsequent deposition is performed in 10 layers along a continuous path (the process con-

tinues backward).

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 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 r ¼ 8170 kg=m3 and

thermal conductivity λ ¼ 30 W= m Kð Þwere deemed as constants. Temperature dependence of

the enthalpy H Tð Þ is presented in Figure 12. Heat capacity of the material, included in the

thermal conductivity equation, was calculated according to the formula c Tð Þ ¼ dH Tð Þ=dT. It

should be noted that variations at the arc H Tð Þ in the range of 1500–1600 К 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 σ� ε (Figure 13) was minimized.

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

publication:

S0 = 2.0447e + 05 Pa,U=R = 2.0864e + 03, ξ = 0.3335,A = 2.5008e + 04,m = 0.4363, h0 = 4.0352e + 06,

S1 = 3.2148e + 07 Pa, n = 0.2273, a = 0.4461.

Figure 11. The discrete model of the building up problem.
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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

Figure 12. Dependence of the enthalpy H(T), kJ/kg, from the temperature T, К, for the alloy Inconel 718.

Figure 13. Comparison of experimental (dots) and computational values of voltage in unconfined stretch tests at the

temperatures of 720, 850, 900, 1150�С (top-down).
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CLTE at the temperature range up to the solidus temperature α is 6.5 � 10�6
К
�1. The lineal

shrinkage on the interval between solidus and liquidus temperatures is 0.3% and included in

the temperature dependence α Tð Þ. 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�С.

Figure 14. The layout of temperature sensors.
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Figure 15. The temperature, �С in points 1 (red lined) and 4 (black lines). Thin curves show the experiment, thick curves

show the calculation.

Figure 16. The temperature, �С 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, �С in points 3 (red lined) and 5 (black lines). Thin curves—the experiment, thick curves—the

calculation.

Figure 18. Temperature distribution, K (a) t ¼ 291 s, (b) t ¼ 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 (Eqs. (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

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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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

Figure 20. Vertical displacement in the structure after its cooldown and release, m (a), residual stress intensity, Pa (b).
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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

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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.



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
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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 ofmatter 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 vx directed along the axis

of the laser beam motion relative to the target is much larger than transverse components vy and

vz so we the boundary layer like flow. So that equation of the motion can bewritten in our case as

∂vx
∂t

þ vx
∂vx
∂x

¼ �
1

r

∂r

∂x
þ v

∂
2vx
∂z2

(1)

At the “bottom” of the molten pool, which coincides with the previous layer surface, the

“sticking” condition is fulfilled vxjz¼0 ¼ 0; on the surface, the continuity condition of the tangen-

tial component of the stress tensor is η ∂vx
∂z

�

�

z¼H
¼ ∂σ

∂x, where σ 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

η
∂vx
∂z

�

�

�

�

z¼H

¼
σ

L
(2)

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:

∂vx
∂t

þ vx
∂vx
∂x

¼ �
1

r

∂r

∂x
� 3v

vx

H2
þ

3σ

2rLH
(3)

One can use the mass conservation condition to connect the melt velocity vx with position of

the melt pool surface. Let ζ 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, ζ). Suppose ζ < < H, it is possible

to write the continuity condition of the mass flux as

∂vx
∂x

≈ �
1

H

∂ζ

∂t
þ
j x; 0ð Þ

Hr
þ

1

Hr

∂j xð Þ

∂x
ζ: (4)
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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 ζ, taking into account that p = σ/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 ζ << H, one can get R ≈ bþ ζ
2

2b, and for pressure it is possible to obtain

p ≈ σ
b �

σζ2

2b3
.

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

∂vx
∂t

þ vx
∂vx
∂x

¼ �
σ

r

∂
3
ζ

∂x3
� 3v

vx

H2
þ

3σ

2rLH
þ

σ

rb3
ζ∂ζ

∂x
(5)

In the steady-state approximation, with consideration of mass flux conservation, this equation

can be simplified as

∂
3
ζ

∂x3
�
rv0

2

σH

∂ζ

∂x
¼

3

2LH
� 3v

rv0

σH2
�
v0j x; 0ð Þ

σH
(6)

Figure 1. Geometry of the melt pool surface motion.
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The boundary conditions for this task are given by ζ = 0 at x = 0, ∂ζ
∂x

�

�

x¼0
¼ 0, ∂ζ

∂x

�

�

x¼L
¼ 0.

Solution of this problem can be written as

ζ ¼ A
H2

G
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� �3=2 2� exp

ffiffiffiffiffiffi
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where G ¼ rv0
2H
σ

, A ¼ � 3
2LH þ 3v rv0

σH2 þ v0 j x;0ð Þ
σH .

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

ζjx¼L ¼ A
H2

G

� �3=2
ffiffiffiffi

G
p L

H
þ 2

1� Ch
ffiffiffiffi

G
p

L
H

� 	

Sh
ffiffiffiffi
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p

L
H

� 	

" #

(8)

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 “ζ.” 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.

We derive an equation describing the dynamic behavior of the local excess of the “ζ”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

vx x; tð Þ ¼ v0 xð Þ þ v1 x; tð Þ (9)

assuming that v1 x; tð Þ≪v0 xð Þ. Then, obviously,
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ζ x; tð Þ ¼ ζ xð Þ þ ζ1 x; tð Þ (10)

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

∂v1
∂x

≈

1

H

∂ζ1
∂t

þ
1

Hr

∂j xð Þ

∂x
ζ1 (11)

After substitution of Eqs. (8) and (9) to Eq. (4), taking into account Eq. (10) and the fact that for

v0 and ζ expression Eq. (4) is identity, one can obtain an equation for nonstationary addition for

flow velocity:

∂v1
∂t

þ v0
∂v1
∂x

þ v1
∂v0
∂x

¼ �
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r

∂
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∂x3

þ
σ

rb3
ζ∂ζ1
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σ

rb3
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∂x
� 3v

v1

H2
(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:

∂
2ζ1
∂t2

¼
σH

r

∂
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∂x4

�
σH2

2rb3
∂
2ζ1
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1

r

∂v0
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� �

(13)

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

ζ1 ¼ ζ0exp i ωt� kxð Þð Þ, where ζ0 is the constant amplitude and ω in turn can be represented as

ω ¼ Ωþ iγ, whereΩ is the true frequency and γ 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:

Ω ≈

ffiffiffiffiffi

σ

2r

r

Hk

b
3
2

, (14)

γ ¼ �
b

3
2

ffiffiffiffi

σ
2r

q

H
2

σH2

rb3L
�
v0

r

∂j

∂z

� �

(14)

Thus, we come to the conclusion that, for γ <0, an oscillatory instability with frequency Ω and

an increment γ occurs at the surface and for γ > 0 the oscillations will decay with the decre-

ment γ. The condition of stability, obviously, is the fulfillment of the inequality:

2
σH2

v0b
3L

<
∂j

∂z
(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

Additive Manufacturing of High-performance Metals and Alloys - Modeling and Optimization76



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

Figure 2. Scheme of stabilization process.
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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

stability

Usage

rate

Roughness Depth

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-

powder jet

Major Major Major Minor Minor

Table 1. Process parameters of direct laser deposition technology.
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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.

Figure 3. Developed equipment for realization of DLD technology.
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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

2. Working chamber

3. Laser head

4. The robotic manipulator

5. Preparation and supplying gas system

6. Gas cleaning and drying device

7. The fiber laser

8. Chiller

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

10. Control stand

11. The powder feeder

12. Control system

13. Video surveillance system

14. Monitoring system for processing area

15. 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

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

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 8. Lacks of fusion in samples, material Ni-based alloy Inconel 625.

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

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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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.

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.
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