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Abstract: The paper presents a CNC component manufacturing process using the WAAM pro-
cess. The study depicts all the execution steps of a component from the CAD drawing, deposition
procedure (technological parameters, times, layers, etc.), examination, and economic calculation.
The manufacturing of this component using WAAM is more advantageous given the fact that the
execution time and delivery are significantly shorter, mainly when a single piece is required and
also when discussing the raw material used, usually expensive titanium alloys. For example, for
Ti-6AI-V used in the aircraft industry, for which the material price is about 90 Euro/kg, the costs for
obtaining a given component using the WAAM process will be about 497 Euro/piece compared to
1657 Euro/piece when using another manufacturing process, as it is shown in this paper. In conclu-
sion, additive manufacturing can easily become a feasible solution for several industrial applications
when it replaces a classic manufacturing process of a single component or replacement products,
even simple-shaped.
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1. Introduction

Additive manufacturing (AM) is a production method based on the addition of layered
material, thus obtaining functional products. Additive fabrication or 3D printing is very
popular nowadays because it covers a series of processes designed to produce parts or as-
semblies from different types of materials. Basically, 3D printing turns a three-dimensional
design into a physical object. The common element of all 3D printing technologies is the
way of obtaining these components—overlapping layers of material that lead to the final
shape of the printed object [1].

In 3D-printing processes, several materials can be used, some of which we expect—
plastic, metals, ceramics, or even concrete, but also surprisingly paper or edible materials
such as chocolate. Regarding the 3D printing of metals, in 1926, Ralph Baker (USA) patented
the use of the electric arc as a heat source to generate 3D objects by layer by layer-by-layer
deposition [2–4].

As shown in Figure 1, the WAAM—Wire Arc Additive Manufacturing—process
offers advantages over other processes in terms of the mechanical properties obtained, the
dimensions that can be achieved, the deposition rate, and low costs. The disadvantages of
this process are the limitations related to the complexity of the shapes that can be achieved
as well as the low accuracy that involves further machining [5].
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Abstract: This paper presents experimental investigations on the solid-state joint of 3 mm sheets of
AlMg3 alloy with X2CrNiMo17-12-2 stainless steel. The study presents a dissimilar joint that was
made in a solid state using a modified milling cutter. The study highlights the possibility of using
this type of joint in a naval field. The paper presents all the steps of the joining process, from the
technological parameters to the examination and numerical validation of the obtained specimens. A
numerical model was defined in Abaqus, considering a Static analysis, and the results demonstrated
a good similarity with a small discrepancy observed in the elastic range of the specimen behaviour.
In the conclusions, this study will provide some recommendations for the optimisation of this joint
and proposals for future studies; the idea for this study started from the dissimilar joints used in the
naval field. The article also briefly presents some dissimilar joints made on the same milling machine
and in the same laboratory.

Keywords: dissimilar joint; FSW process; milling machine; solid-state joining

1. Introduction

In the early 1990s, a new joining technology called friction stir welding (FSW) was
invented and patented by TWI Cambridge [1]. The procedure was first applied at an
industrial level in Sweden, in the year 1995 [1]. Due to its qualities, this procedure brought
interest to some economically powerful countries such as USA and Japan.

In 2015, Lucian A. Blaga and his team had developed a special process on Friction
Riveting (FricRiveting) as a new joining technique in GFRP lightweight bridge construction;
through this process, it has been possible to make joints from different materials for
emergency bridges [1].

A current concern in society is the compromise between the benefits of using lightweight
materials and how to integrate these into larger multi-material designs projects. The wider
the range of possible joining technologies to perform dissimilar joints, the less compro-
mising or restricted might be the usage of these materials [1]. The more traditional and
well-established methods to perform connections between different material classes are
known as mechanical fastening, but most recently, the FSW process and FSW-derived
processes solved a lot of situations. The recent research on this process demonstrated that
it can also be applied in civil engineering, namely bridge construction [2].

Analysing, as an example, the case of emergency bridges [1,2], where joints from
different materials were proposed, the joint studied in this work is suitable for certain
construction areas.

The schematic illustration of friction stir welding is presented in Figure 1 for a butt
joint configuration. Friction stir welding (FSW) is a solid-state process, which means that
the objects are joined without reaching the melting point. In friction stir welding (FSW), a

Materials 2023, 16, 2750. https://doi.org/10.3390/ma16072750 https://www.mdpi.com/journal/materials

https://doi.org/10.3390/ma16072750
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://orcid.org/0000-0003-4174-8608
https://orcid.org/0000-0002-7077-0882
https://doi.org/10.3390/ma16072750
https://www.mdpi.com/journal/materials
https://www.mdpi.com/article/10.3390/ma16072750?type=check_update&version=2


processes

Article

Process Transferability of Friction Riveting of
AA2024-T351/Polyetherimide (PEI) Joints Using Hand-Driven,
Low-Cost Drilling Equipment

Anamaria Feier 1 , Andrei Becheru 1, Mihai Brîndus, oiu 1 and Lucian Blaga 2,*

����������
�������

Citation: Feier, A.; Becheru, A.;

Brîndus, oiu, M.; Blaga, L. Process

Transferability of Friction Riveting of

AA2024-T351/Polyetherimide (PEI)

Joints Using Hand-Driven, Low-Cost

Drilling Equipment. Processes 2021, 9,

1376. https://doi.org/10.3390/

pr9081376

Academic Editors:

Shaghayegh Hamzehlou,

Eduardo Vivaldo-Lima and M.

Ali Aboudzadeh

Received: 8 June 2021

Accepted: 31 July 2021

Published: 6 August 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Materials and Manufacturing Engineering, Mechanical Faculty, Politehnica University
Timis, oara, Bl. Mihai Viteazu No. 1, 300222 Timis, oara, Romania; ana-maria.feier@upt.ro (A.F.);
becheru.andrei@yahoo.ro (A.B.); mihaibrindusoiu@gmail.com (M.B.)

2 Department Solid State Materials Processing, Institute for Materials Mechanics, Helmholtz Zentrum Hereon,
21502 Geesthacht, Germany

* Correspondence: lucian.blaga@hereon.de; Tel.: +49-(0)4152-87-2055

Abstract: The present work deals with the transferability of Friction Riveting joining technology
from laboratory equipment to adapted in-house, low-cost machinery. A G13 drilling machine was
modified for the requirements of the selected joining technique, and joints were performed using
polyethermide plates and AA2024 aluminum alloy rivets of 6 mm diameter. This diameter was
not previously reported for Friction Riveting. The produced joints were mechanically tested under
tensile loading (pullout tests) with ultimate tensile forces of 9500 ± 900 N. All tested specimens
failed through full-rivet pullout, which is the weakest reported joint in Friction Riveting. In order
to understand this behavior, FE models were created and analyzed. The models produced were
in agreement with the experimental results, with failure initiated within the polymer under stress
concentrations in the polymeric material above the deformed metallic anchor at an ultimate value of
the stress of 878 MPa at the surface of the joint. Stresses decreased to less than half of the maximum
value around the anchoring zone while the rivet was removed and towards the surface. The paper
thus demonstrates the potential ease of applying and reproducing Friction Riveting with simple
machinery, while contributing to an understanding of the mechanical behavior (initialization of
failure) of joints.

Keywords: Friction Riveting; metal-polymer hybrid joints; friction-based multi-material connections;
anchoring FE modelling; rivet failure modes

1. Introduction

The continuously increasing demand for cost reduction, together with high perfor-
mance product requirements, is leading to substantial research and engineering develop-
ments in new materials and tailored joining technologies [1]. The outcomes of these efforts
are mixed and hybrid structures in which the properties and performance of products are
improved through combining the properties and behaviors of each specific material [2]. Hy-
brid polymer–metal structures are used in such way in a several engineering applications,
as exemplified in Figure 1.

Due to strong dissimilarities in physical-chemical properties, hybrid joints between
metals and polymers are challenging, more so because of geometrical and design consid-
erations [2]. To overcome some of the limitations of the current state of the art in hybrid
joining, Friction Riveting (FricRiveting) has been developed at the Helmholtz-Zentrum
Geesthacht (now Helmholtz Zentrum Hereon) in Germany as a process for joining metallic
bolts (rivets) with polymeric plates [3]. This research studies the material combination of
aluminum AA204 with polyetherimide (PEI) to be joined via Friction Riveting. The feasibil-
ity of this combination has already been proven, and the joints have been characterized and
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Virtual Reality (VR) and Augmented Reality (AR) are the new computer technologies to create a simulated
environment in the field of automotive. Virtual Reality can create for its users an experience that simu-
lates the real environment in the field of automotive and creates a 3D image. Instead of having a screen in
front of them, users interact with 3D world. By using VR and AR many senses can be stimulated, such as
vision, hearing, touch, even smell and noise, the computer being transformed into a gatekeeper to this 3D
artificial world.
The paper will present a state of art on the needs of the Virtual Reality and Augmented Reality devices

used in the automotive field and two case studies related to some applications of Virtual Reality in the
automotive field in Romania.
� 2021 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the 8th International Con-
ference on Advanced Materials and Structures - AMS 2020.
1. Introduction

Virtual development started in early 19700s, at first with a CAD
software in the design field.

At the beginning of 1990 the first public demonstrations of Vir-
tual Reality (VR) started to take place in exhibitions and the out-
look was quite promising for some of the observers from
industry which started their own experiments.

Volkswagen began to acknowledge the importance of Virtual
Reality (VR) and Augmented Reality (AR) in 1994, after a visit at
the New York Virtual Reality exhibition and Silicon Valley Virtual
Reality exhibition. First, they have made a research regarding some
software and hardware. For software, they started a cooperation
with the Fraunhofer Institute in Darmstadt with Prof. Encarnacao.
The next step was to buy a Silicon Graphics computer and some
other devices, including space mouse, data glove and HMD, but
nowadays the field of VR is very strong developed [12].

VR and AR technology are very important in Industry 4.0, the
combination of these technologies can improve the methods and
efficiency of the companies in manufacturing field. The Industry
4.0 brings some new technological challenges in the process that
gradually made people adapt and increase the level of the
digitalisation.
VR and AR technology are used in the industry, in professional
training (military, medical, etc.), in education, simulations, evalua-
tion of designed models, studies related to product ergonomics,
rapid prototyping, some example are in Fig. 1.

In the automotive industry, VR and AR technology have proven
to be a useful tool also in assisting users in product evaluation pro-
cesses and certification of the process.

In 1999, BMW started to explore and use VR’s ability to analyse
products in the design phase. The results demonstrate that VR
technology has the potential to reduce the number of required ver-
sions of the model. Motorola also developed in 1995 a VR system
used to train employees in an assembly line. The conclusion of
the experiment showed that VR can be used successfully in profes-
sional training, with good results in comparation to classical
training.

Boeing, the world’s largest aircraft manufacturer, has developed
the Virtual Space eXperiment (VSX) based on VR/AR technologies.
This product is a demonstration of the usefulness of VR technolo-
gies in the aerospace industry and other complex industries involv-
ing machine-user interaction, the product can be seen in Fig. 2.

VR and AR in automotive have the potential to reduce the num-
ber of screens inside the car and improve their design, production,
and maintenance, as well as the driver’s experience. This technol-
ogy has many applications in the automotive industry. One of
these is assisting mechanics in their tasks.

AR creates an extension of the three-dimensional environment
through virtual objects. This technology can provide important
.
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Summary: The article will explore a potential Additive Manufacturing approach for combining 

two distinct thermoplastics, ABS and PMMA. The obtained piece can be produced up of two 

parts: the lower half is made of ABS, while the upper part is based on PMMA. Given that the 

assembly is meant to be used on an automobile's exterior, it must be resilient to air and water. 

Both types of thermopolymers—ABS and PMMA—must be used in a range of lighting 

applications, including automotive lighting, to lower prices and improve lamp performance. 

Although PMMA and ABS are different materials, they are compatible and are frequently 

bonded together. 

1. Introduction  

Thermopolymers are widely used in almost all economic areas (Figure 1 shows some products). 

Their widespread use is a result of the desire to minimize the use of natural resources and, in 

turn, the impact on the environment. Sharp thickness gradients, tiny curvatures, and high-stress 

deformations are all part of the intricate modelling process that these materials go through. They 

can be used in procedures including thermoforming, casting, extrusion, and injection moulding. 

Many different types of plastics are used in the automotive sector, which also benefits from 

their ability to reduce weight and produce massive components quickly. Nevertheless, these 

pieces frequently need to be joined with other components during assembly. 

 
Figure 1. Products obtained by vibration welding of lamps in the automotive industry [1] 

 

The requirement to link components arises when manufacturing the entire part in a single 

production step is problematic due to the use of multiple materials, geometric limits, and 

complexities.  

Parts can be joined by physical bonding (welding), chemical bonding (using adhesives), or 

mechanical fastening (using nuts and bolts, for example). The material, component size, 
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Abstract: Considering thermal environment aspects have a major impact not only on occupational
health and safety (OH&S) performance but also on the productivity and satisfaction of the workers,
the aim of the case study was to assess the thermal comfort of a group of 33 workers in an automotive
industry company, starting with collecting data about the thermal environment from different
workplaces, continuing with the analytical determination and interpretation of thermal comfort using
the calculation of the Predicted Mean Vote (PMV) and Predicted Percentage of Dissatisfied (PPD)
indices, according to provisions of the standard ISO 7730:2005, and comparing the results with the
subjective perception of the workers revealed by applying individual questionnaires. The results
of the study represent an important input element for establishing the preventive and protective
measures for the analysed workplaces in correlation with the measures addressing other specific risks
and, also, could serve as a model for extending and applying to other similar workplaces in future
studies. Moreover, the mathematical model and the software instrument used for this study case
could be used in further similar studies on larger groups of workers and in any industrial domain.

Keywords: occupational health and safety; ergonomics; thermal environment; human thermal
comfort; automotive industry

1. Introduction

The thermal environment has a major impact on occupational health and safety
(OH&S) and also has a great influence on the productivity and satisfaction of workers [1,2].
Occupational thermal stress, determined by an improper thermal environment, could lead
to a higher risk of diseases and health problems, reduces employees’ work capacity and
lowers productivity output [3]. Thermal stress has two components: Heat stress and cold
stress, either of which occurs when the core body temperature is no longer maintained at
36–37 ◦C. Depending on the work environment, the body reacts to maintain its temperature
so that the employee can perform optimally. A body adapts to hot temperatures by
sweating and increasing skin blood flow to prevent the body temperature from rising,
while in cold temperatures, the body shivers and reduces skin blood flow to prevent
the body temperature from decreasing [4]. In extreme conditions, the adaptation and
maintenance processes are not enough and start to fail, causing the body to undergo
thermal stress, defined as the sum of the environmental and metabolic heat load imposed
on the individual [4,5].

In recent years, the number of studies on the effects of the indoor thermal environment
on human physical and mental health has increased. The studies focused on different
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Abstract
In this research, the effects of heating cycles that are performed correctly and excessively—well above the limitations given 
by the steel manufacturer—on flame straightening are assessed and analyzed. The paper focuses on the microstructural 
changes caused by the overheating during the flame straightening process. To create geometrical changes in a metal con-
struction, a tiny section of the element or structure is heated to the straightening temperature during the flame straightening 
process. Strenx® 960 is typically produced through a combination of thermomechanical rolling and quenching and temper-
ing, resulting in a fine-grained martensitic or bainitic microstructure. These processes are designed to achieve a balance of 
high strength and good toughness. The microstructural changes associated with different working conditions in the case 
of welding include HAZ softening and grain growth. The study aimed to highlight the influence of flame hardening on the 
microstructure of the material.

Keywords Flame straightening · Heat input · Microstructure · Toughness · Welding heat input

Introduction

The basic idea that metals compress when cooled and 
expand when heated is the starting point for flame straight-
ening. With precisely defined heating areas, this well-known 
method allows metal constructions to be flame-straightened 
up to flame straightening temperature while simultaneously 
limiting their ability to expand.

To reduce deformation following welding, flame straight-
ening is frequently necessary. The method can lead to notable 

microstructure changes because of the less concentrated 
heat source, particularly in high-strength and wear-resistant 
steels. The effects vary according to the combustible gases 
(propane, acetylene) because of their varied physicochemical 
characteristics. The potential of overheating associated with 
manual technology complicates matters further as it might 
negatively impact mechanical characteristics.

While flame straightening has long been a common prac-
tice in the fabrication of metal structures, minimal has been 
learned about the effects of heating on the structure of the 
material, particularly regarding high-strength steel construc-
tions. It is difficult to evaluate the expected influence of the 
heat source performance, heating time, temperature, extent, 
etc., without precise knowledge. The established and devel-
oped cooling time concept according to EN 1011-2, which 
may be used to calculate the cooling time from arc energy 
(heat input) and provide a good estimate of the predicted 
mechanical characteristics of the joint, cannot be employed 
with flame straightening procedures.

Two scenarios of flame straightening can be distinguished 
based on the heating intensity. Partially heating the surface 
layer (usually up to 30–35% of the entire cross section) in 
relation to the structure's overall cross section is one often 
utilized technique. In this instance, the cooling rate is usu-
ally high, and the rate of heat input is small in relation to 
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