


Additive Manufacturing:
A Step-by-Step Guide

New technologies have enabled additive manufacturing to construct
components layer by layer using 3D model data. Machinery requirements
for this are minimal, entailing only a welding device for energy input and
a guiding machine to shape the component. Though there are clear benefits
to the process, such as the cost-effective technology and high deposition
rates, the complex interactions involved must receive due consideration.
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Modeling Influences on the Wire Arc Additive

Manufacturing Process

Tim Sebastian Fischer, Lennart Gruger and Ralf Woll,
Brandenburg University of Technology Cottbus-Senftenberg (BTU)

Wire Arc Additive Manufacturing (WAAM) is an additive manufacturing
process which produces metallic components on the basis of arc welding.
ISO/ASTM 52900 describes additive manufacturing as a process that creates
components layer by layer from 3D model data. The basic equipment required
includes a welding device, introducing the energy necessary for melting the
metal wire, and a guiding machine, which traces the specified geometry of
the component. Applications for WAAM include rapid prototyping and tooling,

The central “Function” box
is surrounded by three
input arrows and one
output arrow. The
“Function” box describes
an activity or process step
that converts inputs into
outputs.

direct manufacturing and additive repair. The main advantages of the process

are its cost-effective plant technology and high deposition rate. The
disadvantages of the process are the lack of process stability and exact
repeatability. This article is intended to provide a clear overview of the
WAAM manufacturing process, and to address its complex interactions.

The aim of the article is to depict the process and
information flows and to show possible interactions
between the manufacturing parameters. This allows
the entire process to be clearly mapped out and
influences to be analyzed in a structured manner. In
the WAAM process, the lack of process stability means
that optimal component quality is not already a given
at the production planning stage. The information
provided here is intended to give an overview of the
relevant influences in order to optimize planning and
component quality. For this purpose, the Structured
Analysis and Design Technique, or SADT method, is
used.

The SADT method

The SADT method originates from the field of software
development, is easy to understand and clearly
describes an information flow. The basic notation form
consists of a box-arrow diagram, which is shown in
Figure 1 [5].
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The “Input" arrow located
on the left side of the
activity box shows the
type of data that should
be available for
processing. On the right
side of the activity box is the “Output" arrow, which is
the only one pointing outwards. This describes the
results of the conversion process. The “Control" arrow
entering the box from the top side is defined as any
type of constraint that manipulates the outcome of
the function in any way. The last arrow of the diagram
is the “Mechanisms” arrow. This enters the activity
box from the bottom and describes the tools, resources,
or people that are required to be able to perform the
central function [5].

Modeling the WAAM process

In this article, the manufacturing process of the WAAM
method is divided into eight process steps: Planning,
CAD model creation, slicing, path planning, robot code
configuration, weld parameter configuration,
manufacturing and reworking [6]. For a model that
corresponds to the SADT method, these steps have
been reduced to six distinct functions, which are shown
in Figure 2.

In the first activity, the focus is on determining the
general component design. Subsequently, the path
planning must be designed and the welding
parameters must be chosen accordingly. Once these
fundamentals have been established, the component
is manufactured and, if necessary, reworked. The
final activity is the potential inspection of the final
product.
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Figure 1: Basic structure of the SADT method [5].
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Component design is controlled by the technical
requirements. These consist of the base plate layer,
the resulting microstructure and component safety [2].

The base plate layer describes how the base plate, on
which the component is built, will be integrated into

the component being manufactured. There are various

approaches that influence the manufacturing process
with regard to the type of component arrangement.
Several possible variants are shown in Figure 3 [2].

The integration, for example as an outer or inner wall,
depends on the systems technology used and on its
degrees of freedom. The selection of the optimum base
plate position can be determined on the basis of five
evaluation criteria. These are: Material surplus,
disposition volume, number of layers, complexity of
integration and symmetry. The respective weighting of
the individual criteria depends on the system technology
used [2, 71.

The component design is derived from the general

component requirements. Properties such as intended
use, geometry and material must be defined before
the actual planning stage commences. Once design is
complete, the manufacturing process can be started

[2].

Figure 2: SADT modeling of the WAAM process.
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The microstructure of a WAAM component tends to
lack homogeneity due to the manufacturing process
[8]. The lower layers are exposed to multiple heat inputs
and are therefore finer than the upper layers. This

increasing grain growth may lead to a loss of strength
with increasing component height [2].

The fulfillment of a function within a defined service
life is the central requirement for a component. Large-
volume components with high wall thicknesses and
simple structures are particularly suitable for the WAAM
process. The strength values can deviate from the
manufacturer's specifications due to repeated over-
welding. It is therefore advisable to create test specimens
and check them for their material properties.
Furthermore, attention should be paid to the ratio of
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Incorporated into component center

Incorporated into inner wall

Figure 3: Representation of several possible incorporations of the base plate layer [2].

component surface area to component volume. Smaller
surfaces dissipate heat more slowly, which can result
in negative effects, such as an excessively high
temperature between component layers, greater
residual stress, and component warpage. One way to
reduce residual stress is to design the component
symmetrically. Rotational or mirror-symmetrical
structures allow for better stress compensation and
improve a component’s dimensional stability and
mechanical properties. This principle also works for
geometries that are not completely symmetrical [2].

Weldability and the manufacturing-level technical
welding possibility are two mechanisms that are
important for performing the activity of component
design [2, 9].

According to the ISO/TR 581, the weldability of a metallic
material also depends on weld applicability, safety and
possibility. All these requirements are determined by
the material used, the design, and the manufacturing
process [9].

Figure 4: /llustration of example path directions [13].
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For the WAAM process, articulated, or delta, robots are
primarily used, but also machining centers, leading to
specific restrictions for manufacturing processes.
Furthermore, the machining head in question must be
taken into account. This can be equipped with additional
systems, such as sensors, a wire reservoir or a cooling
system. The resulting influence on the component
design must be considered [2].

The output factors of the initial function of Figure 2 are,
in addition to the basic concept, the CAD and the layer
model of the component. The layer model is created by
a process known as slicing. This divides the 3D geometry
into layers, each with a predefined height [10].

Design path planning

The output factors of the previous activity are used as
inputs for the “Design path planning” process step.
They are therefore a mandatory prerequisite for the
conversion process [5].

Limitations of this activity are the weld sequence and
the weld orientation. When planning the weld sequence,
care must be taken to avoid sharp-edged corners, as
these can lead to unevenly shaped components [2].
Alternatively, an overlapping joint can be produced,
which is then removed in the reworking process.
Furthermore, geometrical deviations can occur at the
start and end of a weld. Long and evenly wide welds
should be produced in one step. If this is not possible,
it is advisable to select an application direction that
alternates layer by layer, thus keeping deviation as low
as possible [2]. The correct choice of time and
temperature between individual layers is important for
microstructure formation [11].

The weld orientation describes the alignment of the

manufactured component with respect to the welding
direction. Weld orientation has an influence on the
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Composition of the characteristics of manufacturing quality
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Figure 5: Overview of the influences of welding parameters on manufacturing quality [14].

load-bearing capacity of the component. Prior literature
in this area indicates that a 45° orientation is considered
to be the most resilient [12].

Selection of the path characteristic supports path
planning. Characteristics for this are visualized in Figure 4.

These path direction choices have different advantages
and disadvantages and can also be used in combination
[13]. Furthermore, initial assumptions about optimal
welding parameters are made in this process step.
These are of significant importance for the final result
and thus have to be considered from the beginning of
the process [6].

The result of the conversion process is a clearly defined
process path that leads to creation of the component.
Based on this, the next step, which is optimization of
the welding parameters, can be started within the
process [5].

Industry 4.0 Science 2023, 1 6 of 8

Optimize welding parameters

The input factor for the "Optimize welding parameters”
function is the result of the previous process step. The
parameters must be determined with consideration
for the process path. The layer model that has already
been generated also needs to be taken into account
here, as it forms the basis on which the welding
parameters are then optimized [5].

Controlling influences exerted on the parameters include
the following: Distance between torch and workpiece,
torch speed, wire feed rate, gas metal arc welding flow
rate, welding current, voltage, filler metal cross-section,
time and temperature between layers, and heat input.
These contribute decisively to the creation of stable and
defect-free components and are thus marked with a red
arrow in the SADT model. Figure 5 shows the respective
relationship of the parameters to the characteristics of
the manufacturing quality [14].

© 2023 The Authors. Published by GITO
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The figure is based on the analyzed welding parameters
of Pattanayak and Sahoo [14], who related them to
the resulting manufacturing quality characteristics in
percentage terms. Weld bead geometry, deposition
rate, metal overflow, surface finish or porosity, spatter,
grain refinement, corrosion resistance and mechanical
properties were considered. The diagram visualizes
the different relationships that play into the
characteristics of the manufacturing quality. For each
quality characteristic, four to five of the most important
welding parameters are listed and the respective
percentage of influence is indicated for each.
Parameters which have an insignificant effect are
marked as “Other.” According to Pattanayak and Sahoo,
the parameters of torch speed, heat input, time
between layers and welding current have an influence
across all characteristics and are of particular
importance. They have significant effects on mechanical
properties, grain refinement, and corrosion resistance.
Following these, the control variables that have the
next greatest overall influence according to Pattanayak
and Sahoo are distance between the torch and the
workpiece, wire feed rate, shielding gas flow rate, and
welding voltage. Despite having a smaller overall effect
on manufacturing characteristics, these are still
relevant. The parameters of filler metal cross-section
and temperature between layers affect both deposition
rate and metal overflow [14].

Another important parameter not represented in
Figure 5 is the composition of protective gases. A
distinction is made here between active and inert gases.
In contrast to inert gases, active gases create a chemical
reaction upon contact with the metal. Basically, the gas
serves to shield the molten bath from external
influences. Argon, helium and carbon dioxide are
frequently used as gases. Depending on the applications,
mixed gases can be used [15].

The welding process used is of importance for the
parameter determination. In principle, any arc welding
process can be used for the WAAM process, the most
common one being gas metal arc welding, tungsten
inert gas welding, or plasma arc welding. The result of
the parameter determination is the finished NC code
[15].

Manufacturing

The finished NC code is the input factor for the
“Manufacturing” function. It contains the process path
and the defined welding parameters. Manufacturing

can be started on the basis of this code [5].

Control elements of this activity consist of a variety of
possible intermediate processing steps and repeated

86

layer application. Examples of intermediate processing
steps include interpass rolling, milling, and cooling. In
interpass rolling, a rolling process occurs after a
defined number of layers, which refines the
microstructure by plastic deformation and improves
its mechanical properties [16]. Furthermore, interpass
cooling can be used. In this case, active cooling of the
last deposited layer occurs during production.
Consequently, the interlayer temperature is more
effectively controlled [16]. Interpass milling serves to
reduce the weld bead to a predefined height.
Consequently, the accumulation of defective deposition
heights is reduced [17].

The individual layers that are applied can be seen as
intermediate results and can enter the conversion
process again as a control element. This makes it
possible to influence the manufacturing process after
the application of each layer.

During the manufacturing process, the parameters of
the environment as well as the heat conduction change
continuously due to the layer-by-layer material
application. Potential errors can add up throughout
the process and thus require monitoring. This control
is carried out via comparison of the target and actual
product. The high process temperature [19], however,
makes it difficult to measure actual values.

The final result of the conversion process is the finished
blank, which needs to be reworked due to manufacturing
variations accrued during the process [2].

Post processing

The input variable for reworking is the finished blank.
Given the standard manufacturing variation of one to
three millimeters, post processing - or reworking - is
usually necessary [2].

The control element of the reworking function is the
preceding output of the prior conversion process step,
as seen during manufacturing step. Reworking can be
conducted using several methods, or by applying one
method repeatedly [16].

Several processes can be used for component
reworking. Cutting rework is the most commonly used
of these. Implementing a reworking process makes it
possible to improve the mechanical properties of
components [2]. Methods such as peening, which is
understood as mechanical hammering on the
component, or ultrasonic treatment can improve the
surface properties as well as component microstructure.
The latter method is not suitable for large or complex
components [16].
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The output of this function is the finished component.
In the final process step, if deemed necessary, this final
product can be checked for mechanical properties [5].

Inspect final product (if necessary)

The last function on the SADT model is the inspection
of the final product, should this be necessary. The input
factor of this is the finished component, which exhibits
certain mechanical properties and a previously defined
geometry. In the case of destructive testing, VDI 3405-
2 recommends that additional test specimens are
manufactured within the same manufacturing process.
Furthermore, the VDI guideline gives recommendations
for additional material tests [19].

Conclusion

In this article, the WAAM manufacturing process and
its influencing variables have been presented. The SADT
method was used to better facilitate this. The various
influencing parameters across the manufacturing
process were shown. Welding parameters in particular
were considered in detail as the main influencing factors
and possible interactions were shown. These factors
and interactions offer the greatest possibility of
influencing the process. The model does not claim to
be comprehensive, but it does provide significant
assistance for improving component quality. The
visualization method used is a common approach for
representing complex interrelationships in computer-
aided manufacturing.
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