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Preface

This volume of Proceedings in Engineering Mechanics—Research, Technology and
Education contains selected papers presented at the 2nd International Conference on
Advanced Joining Processes 2021 (AJP 2021), held in Sintra (Portugal) during 21–
22 October 2021 (www.fe.up.pt/ajp2021).

The goal of the conference was to provide a unique opportunity to exchange
information, present the latest results as well as to discuss issues relevant to advanced
methods of joining such as friction stir welding, joining by plastic deformation, laser
welding, advanced mechanical joining, adhesive bonding, hybrid joining, etc. The
focus is on process optimization in experimental and simulation terms, metallurgical
andmaterial behavior associatedwith joining, engineering properties and assessment
of joints, health and safety aspects of joining, durability of joints in service, industrial
applications and education.

Approximately 170 papers were presented by researchers from more than 20
countries. In order to disseminate the work presented in AJP 2021, selected papers
were prepared which resulted in the present volume dedicated to advanced joining
processes. A wide range of topics are covered resulting in 12 papers dealing with the
most recent research topics concerning mechanical joining (first section), welding
(second section) and adhesive bonding (third section). The book is a state-of-the-art
of advanced methods of joining and also serves as a reference volume for researchers
and graduate students working with advanced joining processes.

The organizer and editor wish to thank all the authors for their participation and
cooperation, which made this volume possible. Finally, I would like to thank the
team of Springer-Verlag, especially Dr. Christoph Baumann and Ute Heuser, for
their excellent cooperation during the preparation of this volume.
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Load Bearing Behaviour
of Thermoplastic Composite/Metal
Hollow Structures with Multiscale Form
Closure

Raik Grützner, Veit Würfel, Roland Müller, and Maik Gude

Abstract Joining systems with a multi-scale form closure function enable to pass
very high loads into rod- and tube-shaped fibre reinforced structures and achieve
high degrees of material utilization for the composite part. The multi-scale load
application is based on a combination of macro and meso form closure with
adaptation to the fibre angle of the braided preform. The design of the form closure
elements on different scales determines the joint failure mode, which can be
cohesive or adhesive failure. This paper presents the investigation of the influence
of a multi-scale form closure on the load bearing capability of hybrid joints made of
carbon fibre reinforced thermoplastic and aluminium under static tension load.
Using structurally relevant combinations of meso structures and macro contours,
numerical sensitivity analyses are used to determine the relationships between
geometric parameters of the form closure elements, the transmittable forces and the
failure behaviour. Experimental investigations of the joint strength of meso, macro
and combined-structured tubular specimens show the beneficial effect of multi-scale
structuring to increase the joint strength and match with the numerical simulations.
Concluding advises for the contour joints design are given.

Keywords Multiscale form closure � Contour joints � Joint strength � Failure
behaviour � Numerical analyses � Friction-based contact � Pull-out test
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1 Introduction

For the production of lightweight profiles like shafts, tubes or tension–compression
struts, hollow structures with a closed cross-section are often used having a more
favourable stiffness-to-weight ratio than corresponding solid material variants. The
lightweight potential can be enhanced further by the use of anisotropy in composite
materials because of the highly orientated loads within these structures. Areas with
high tribological stress or high functional density are designed in the sense of
multi-material design using metallic connection and fastening elements (bearing
seats, retaining rings, shaft nuts, etc.) in order to be able to operate gears and
bearing elements. A major challenge is the introduction of forces from the metallic
component into the laminate, as the forces must be transmitted from the surface of
the fibre reinforced plastic (FRP) hollow structure to the fibres via interlaminar
shear within the matrix. In established methods for joining the metallic load
introduction elements like bonding, press-fitting or joining using bolt and pin
elements the connection is formed after the manufacture of each single component
in a subsequent process step. Often times this is related to labour-intensive oper-
ations which add extra costs and may induce damage into the laminate during
manufacture (Fleischer et al. 2021). A novel manufacturing approach in which
hydroformed and multi-scale structured metallic load introduction (LI)-elements are
intrinsically joined with thermoplastic tape-braided preforms in an integral
bladder-assisted moulding process has been presented (Würfel et al. 2020). In this
work, the load bearing behaviour of thermoplastic composite/metal hollow struc-
tures with a multi-scale form closure is studied. The performance these hybrid joints
with metallic LI-elements, which are structured on different scales, are investigated
numerically and experimentally in quasi-static tensile tests. A numerical model that
predicts the failure behaviour of the hybrid structure is presented. Numerical sen-
sitivity analyses are used to determine the relationships between geometric
parameters of the form closure elements, the transmittable forces and the failure
behaviour of the hybrid structure with the aim to optimize future designs.

Contour joints prove to be able to transfer high mechanical loads in combination
with a high material utilization rate (Hufenbach et al. 2008). The design concept
and its capabilities has been studied for FRP hydraulic cylinders (Hufenbach et al.
2006) and for composite drive shafts (Gude et al. 2014). In an integral
bladder-assisted moulding process (IBM) consolidation and simultaneous joining of
a braided hybrid commingled yarn preform into a metallic functional element is
done in one single step. A form closure on the macro level was investigated,
whereby no additional strengthening by micro or meso structuring on the surface
was studied (Hufenbach et al. 2008). Structuring on the micro scale via laser
subtraction processes was investigated to either increase the interface area or create
interlocking elements with the result of an increase in bonding strength (Baburaj
et al. 2007; Wang et al. 2016). Alternatively, various surface treatments improve the
joint strength of intrinsic hybrid composite structures (Gebhardt and Fleischer 2014;
Zinn et al. 2018). In other studies aluminium carbon fibre reinforced plastic (CFRP)
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hybrid hollow structures were intrinsically manufactured and joined by rotational
moulding (Fleischer et al. 2015; Nieschlag et al. 2018), in which a braided preform
is impregnated by thermoset resin. Intrinsically joined tubular structures consisting
of multi-scale structured aluminium LI-elements and carbon fibre reinforced ther-
moplastic (CFRTP) hollow structures were presented in Würfel et al. (2020), Gude
et al. (2021). The utilisation of hydroformed metallic LI-elements and braided
thermoplastic tapes in combination with the bladder-assisted moulding process
enables a large-scale production of hybrid composite-metal structures without the
need for any further trimming or joining operations. In two separate process paths
two semi-finished parts are manufactured. A multi-layer unidirectional thermo-
plastic tape-preform was produced by thermoplastic tape braiding (Garthaus et al.
2015) and the metallic LI-element is manufactured in a two-step hydroforming
process in which the structuring on meso scale and the desired macro contour for a
form closure connection is formed (Grützner et al. 2021). Both semi-finished parts
are intrinsically joined in the IBM in which the tubular braided preform is formed
into the structured LI-element by applying pressure to the internal bladder when the
melting temperature of the matrix material is reached. Consequently, the composite
is moulded along the contour of the structured LI-element creating a form closure
joint (Barfuss et al. 2018). A multi-scale form closure combination of meso
structuring and macro contouring improved the quasi-static pull-out strength of the
joint compared to sole meso and macro contouring (Gude et al. 2021).

The prediction of internal material structure of the CFRTP and the metal joining
partner in intrinsic hybrids in terms of cracks and stresses using
finite-element-methods accelerates research and development. For the calculation of
the homogenised mechanical properties of an intrinsic hybrid composite with a
form closure, representative volume elements (RVE) with material models based on
connected rheological elements and an elastic–plastic damage material model for
the interface is used in Kießling et al. (2017). The sensitivity to geometrical design
variables and asymmetrical stackings of fibre metal hybrid shell structures is
investigated by a simplified two-dimensional finite element model and constant
stress exposure method for material degradation in Herwig et al. (2021). In
Nieschlag et al. (2021) a design of experiment (DoE) study was used to numerically
determine the influence of different design parameters of the joint. The maximum
principal stresses in the modelled adhesive layer were selected and analysed due to
their main responsibility for joint failure. For tubular intrinsic hybrid composite
structures a numerical model was developed, to study the influence micro structure
on the overall strength and failure behaviour of the metal-composite interface
(Hirsch and Kästner 2017). In Barfuss et al. (2016) a design of experiment
(DoE) approach to optimise the macro contour is presented. Multiple FE simula-
tions with linear elastic material behaviour and the CUNTZE failure mode criterion
were used in the pareto optimisation. The meso structure was simplified with the
use of a cohesive zone model.

Because most studies on intrinsic tubular hybrid joints focused on the experi-
mental results or did not calculate a multi-scale form closure joint on all relevant
scales a simulative approach to predict the failure of these structures is presented.

Load Bearing Behaviour of Thermoplastic … 5



The load bearing capability of meso and macro structured hybrid tubular joints with
a form closure is numerically investigated. An “elastic damage” model based on
degradation theory is used to calculate the damage propagation during pull-out
tests. The numerical results are compared with experimental quasi-static tensile tests
with different structuring configurations.

2 Materials and Methods

2.1 Design and Geometry

In order to transfer high mechanical loads in CFRP/metal hybrid contour joints
information about several mechanical and physical properties of the materials and
manufacturing process are required. The load bearing capability is governed by the
structure of the LI-element as well as the failure behaviour of the chosen material
combination of aluminium and carbon fibre reinforced polyamide 6 (PA6). The LI
area has a fibre appropriate design concerning a homogeneous load transfer from
the metallic LI-element into the hollow CFRP part. Surface structures on different
scale levels from meso to macro are analysed with a discretization of the structuring
levels defined as smaller than 1000 µm for the meso level and higher than 1000 µm
for the macro level. In this work, a rhombus design adapted to the braided fibre
architecture and circumferential undercuts were realised as mesoscopic structuring
with and without a macro contour (Fig. 1). The rhombus is designed to interact with
the whole tape and adapted to the thermoplastic tape width of 3 mm and braiding
angles of the outer plies of the CFRP component. The circumferential grooves are
designed to induce undulations on the meso scale in the laminate in which the
resultant form closure of the laminate is oriented in load direction. The specimens
interface area between the LI-element and CFRP part has an diameter of 46 mm.
The length of the meso, macro and combined form closure combination is 30 mm.
The design of the tapered macro contour is investigated in Gude et al. (2021).

2.2 Thermoplastic Tape-Braided Preform

The investigated tape-braided preform is made of Celanese, CF-Polyamide 6
Celstran® CFR-TP PA6 CF60-03 slit tape material. The tape is slit to a width of
3 mm for textile manufacturability in the braiding machine. The fibre volume
fraction is 48% and it contains T700S carbon fibres from Toray Inc. The BASF
PA6 Ultramid B24 N03 matrix system is used, which is characterized by low
viscosity and thereby favourable processibility (Barfuss et al. 2016). The material is
braided using a tubular steel mandrel with an outer diameter of 38 mm and a
Herzog KFh/48-100 braiding machine. For the experiments in this investigation,
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layups of [±30°2/0°7/±30°2] are manufactured with a 2 � 2 biaxial twill fibre
architecture in the braided plies. Unidirectional 0°-plies are added to reinforce the
laminate in the main load direction. The layup is optimized to match the CTE of the
aluminium load introduction elements in order to minimize residual stresses during
manufacturing (Barfuss et al. 2016). An additional braided [±70°5]-bandage is used
to reinforce the laminate in the structured area to secure the form closure against
transverse contraction of the tubular structure when tensile load is applied. The
intersection points of the textile improve preform stability but also restrict the
forming capability of the structure. Therefore, a novel manufacturing strategy to
implement the reinforcing bandage has been developed (Würfel et al. 2018).

2.3 Two-Step Hydroformed Load Introduction Elements

In order to manufacture metallic LI-elements with a multi-scale structure, which is
scalable for industrial application, a novel two-phase hydroforming process has
been developed. It consists out of a combination of external and internal hydro-
forming steps to shape the desired meso and macro structures on the LI element.
During the process, a tubular aluminium profile is inserted into a macro contoured
outer tool together with the meso structured inner tool. The process as well as its

Fig. 1 Section view of the form closure combinations evaluated in this work: a meso groove,
b meso rhomb, c meso-macro groove, d meso-macro rhomb

Load Bearing Behaviour of Thermoplastic … 7



possibilities and limitations has been extensively covered in Grützner et al. (2021).
Within the scope of this investigation, the aluminium alloy EN AW-6060 is
examined for the metallic LI-element. The best cold formability is achieved in the
stabilised delivery condition T4 which is solution annealed and naturally aged. For
this reason, the forming production of LI-elements with meso and macro structuring
is carried out in the T4 condition. The hydroformed specimen are shown in Fig. 2.

2.4 Integral Bladder-Assisted Moulding Process

In order to evaluate the potential of the load bearing behaviour of thermoplastic
composite/metal hollow structures with multiscale form closure specimen are
manufactured in a convection oven in the integral bladder-assisted moulding pro-
cess. The tape-braided preforms and the hydroformed aluminium LI-elements are
put into an outer moulding tool in which the LI-element serves as the tool itself. The
specimens are heated up to the processing temperature of 230 °C with a heating rate
of 10 K/min. After a 15 min isothermal consolidation dwell time and a pressure
application of 6 bar the specimen is cooled down to room temperature with a
cooling rate of 10 K/min. Both semi-finished parts are joined in the integral
bladder-assisted moulding process in which the CFRP part is simultaneously
consolidated and formed into the metallic LI element.

Fig. 2 Cross sections of hydroformed load introduction elements: a meso groove, b meso rhomb,
c meso-macro groove, d meso-macro rhomb

8 R. Grützner et al.



2.5 Numerical Approach

2.5.1 Structural Simulation

For the numerical evaluation of the hybrid composite joint, the solver LS-Dyna 11.0
of Livermore Software Technology Corporation (LSTC) is used, as it provides
beneficial material models for the representation of FRP and has found wide use in
the computational calculation of FRP structures.

2.5.2 Material Models

Braided thermoplastic composite

In LS-Dyna, specific material models are available to describe the fibre composite
properties. For the simulation of braided structures, especially crash absorbers, the
material model *MAT_LAMINATED_COMPOSITE_FABRIC, (*MAT_058)
shows the best results (Schweizerhof et al. 1998; Xiao 2009; Xiao et al. 2009;
Matheis 2013; Jackson et al. 2014). *Mat_058 has a nonlinear anisotropic material
law. Depending on the type of failure surface, this material model can be used to
model composites with unidirectional layers, complete laminates and fabrics.

Based on the work of Hashin (Hashin 1980), Matzenmiller (Matzenmiller et al.
1995) developed a fundamental model to describe the elastic-brittle behaviour of
FRP. The so-called “Elastic Damage” model is based on the degradation theory and
assumes a macroscopic approach. The assumption is made that micro-cracks
propagate in the material structure during deformation, which lead to a continuous
decrease in the stiffness properties. To describe this damage behaviour, LS-Dyna
calculates so-called damage variables xi for different load conditions.

The following equation describes the dependence of the damage variables on the
calculated strain ei and the maximum permissible elastic strain ef, which are used as
input variables for the calculation.

xi ¼ 1� e
� 1

mie
ei
ef

� �mi

ð1Þ

The parameter mi of the damage exponent results from the strain eq reached at
maximum strength:

mi ¼ 1

ln eq
ef

� � ð2Þ

The damage variable xi can only take values between zero and one. If there is no
material strain, the exponential expression corresponds to the value one and the
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equation results in the value zero. As the damage to the material structure pro-
gresses, xi approaches the value one.

In *MAT_058 a so-called “Postdamage” parameter can be set. This value
(SLIMx) specifies a residual load-bearing capability after the failure of a layer. The
following relationship exists:

rmax ¼ SLIM � strength ð3Þ

In this case “strength” means the respective strength limit. The residual
load-bearing capabilities are defined separately for the load types tension, com-
pression and shear for fibre and matrix, whereby the adjustable value range is
between one and zero (Livermore Software Technology Corporation 2019). The
utilised mechanical material properties for the carbon fibres, the polymer and the
UD tape material are listed in and taken from Barfuss et al. (2016).
Aluminium material
The elasto-plastic material model *MAT PIECEWISE LINEAR PLASTICITY
(*MAT_24) is used to model the aluminium LI-elements. Here, an arbitrary stress–
strain curve and a strain rate dependence can be defined to describe the material
behaviour. Furthermore, a failure can be specified based on a plastic strain or a
minimum time step size (Livermore Software Technology Corporation 2019). With
the aim of being able to introduce and transfer high loads into the aluminium
LI-element, the flow curve in the state T6 is used in the structural simulations.
Failure is not defined. For the numerical investigations of the joint design and the
forming of the multi-scale structures, the aluminium states T4 and T6 used are
characterised at room temperature in a quasi-static tensile test according to
DIN EN ISO 6892–1 using five tubular samples each. Table 1 lists the character-
istic values determined.

Table 1 Material properties EN AW-6060 in the states T4 and T6

Parameter Unit EN AW-6060-T4 EN AW-6060-T6

Density q g/cm3 2.75b 2.75b

Wall thickness t mm 2.0 2.0

Young’s modulus E GPa 68 69

Yield strength Rp0,2 MPa 65 188

Tensile strength Rm MPa 151 227

Breaking elongation A100 mm % 13 6

CTE aa 10–6 K−1 23.4b 23.4b

a 20–100° C
b Manufacturer’s information

10 R. Grützner et al.



2.5.3 Model Structure and Boundary Conditions

A modelling strategy consisting of a combined stacked-shell and layered-shell
method is used to model the laminate structure. The contour is mapped with
constant radii for all layers. For the specific analysis of each individual layer, the
use of thick shell elements is resorted to. The thick shell element is an 8-node
element based on the shell theory, but with an additional strain component
described by the element thickness (Hallquist 2019). By stacking thick shell ele-
ments, any laminate structure can be discredited even for small radii of a contour
joint. With the focus on the investigation of influencing parameters for the design of
contour joints by means of fast variant simulations, no delamination processes are
considered for simplification, i.e. all layers are firmly connected to each other. In the
model, this is realised by using identical node numbers of adjacent elements of the
respective layers in the laminate. By dispensing with cohesive or contact elements
between the layers, short calculation times can be achieved and thus the additional
effort due to the use of thick shell elements can be compensated.

The basic FEM model of the pull-out test corresponds in geometric dimensions
and layer structure to the macro-contoured real specimens with circumferential
stiffening bandages (see Fig. 3).

To reduce the computational effort, the model is reduced to a 45° sector with
cyclic boundary conditions. At the intersecting edges of the sector, the degrees of
freedom are each connected in such a way that the same behaviour is repeatedly
enforced cyclically. The total of 25 fibre composite layers with the fibre orientations
[±30°2/0°7/±30°2/±70°5] are combined to 12 layers of thick shell elements by
mapping with two integration points over the element thickness. An exception are
the middle UD layers 7–9, which are represented by three integration points in layer

Fig. 3 Model structure of the pull-out simulation with a tapered macro contour
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4. The sum of the individual layers results in a wall thickness of the fibre composite
of 2.1 mm or 3.5 mm in the connection area. Undulation of the tapes in the braided
layers is not taken into account.

The aluminium load introduction element is modelled with five SOLID elements
over the wall thickness of 2.5 mm. The element formulation ELFORM 2 is used, as
this represents a fully integrated higher order element and thus does not require an
hourglass control.

The load is applied to the edge nodes of the aluminium tube via a displacement
uz = 5.0 mm. All degrees of freedom are bound, except for the translation in the
Z-direction. In the calmping area of the composite, all node translations and rota-
tions ux = uy = uz = rotx = roty = rotz = 0 are set. For the analysis of the force–
displacement curves, the reaction forces of the clamped nodes are recorded in total
and output in the result file with the corresponding time step.

In Fig. 4 the model structure of the different meso and macro form closure
configurations is shown.

Fig. 4 Model structure of the pull-out simulation, a meso groove, b meso rhomb, c meso-macro
groove, d meso-macro rhomb
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2.5.4 Contact Definition

In order to describe interactions in the interface between CFRP and aluminium, a
friction-based contact approach is pursued in this work. Coulomb’s friction law is
applied, in which the quotient of the normal force FN and the frictional force FR

yields an average, constant friction coefficient µ. A distinction is made between
static and dynamic friction. The exponential decay friction model proposed by
Oden and Martins (1985) is implemented in LS-Dyna to describe the boundary
surface friction property. The literature does not provide any friction coefficients for
the material pairing of fibre-reinforced PA6 and aluminium. A reference point is
provided in Schürmann (2007) for the friction pairing FRP/steel with a friction
coefficient µ = 0.1–0.2. Since the frictional force FR is directly proportional to the
normal force FN between the friction surfaces, the mechanical connection properties
and the failure behaviour are significantly influenced by the friction coefficient. In
the modelling strategy based purely on form closure, no frictional components are
taken into account in the connection. Thus, no normal force acts on the joining
partners at the beginning of the pull-out. For this reason, only the coefficient of
sliding friction is varied in the simulations and experimentally validated. Over 30
different contact formulations are provided in LS-Dyna to describe interactions
between the individual elements.

The contact *CONTACT_AUTOMATIC_SURFACE_TO_SURFACE, chosen
because of its robustness, is used to check all elements of the fibre composite for
contact with elements of the metallic partner in order to describe their interaction
and prevent penetration. LS-Dyna uses the penalty method, in which linear spring
elements are inserted between the penetrating nodes and the associated contact area
to compensate for overlaps. The spring stiffness matrices are then incorporated into
the overall stiffness matrices. The contact forces are calculated based on the pen-
etrations of the slave or master nodes to the associated contact segment and
assigned to the nodes in contact.

2.5.5 Evaluation Methods

To characterise the stiffness and load-bearing behaviour of the hybrid joints,
quasi-static pull-out tests are carried out. Conditioning of all samples according to
DIN EN ISO 1110 before testing ensures the reproducibility of the polyamide
properties. Specimen testing was performed under quasi-static tensile load at an
INSTRON servo-hydraulic testing machine. Loading was applied by a constant
speed of 0.5 mm/s. The deformation and displacement of the joining partners in
relation to each other are recorded during the tensile test via a stochastically dis-
tributed black-and-white pattern using optical measurement technology (GOM
ARAMIS 3D) and the displacement is calculated according to the principle of
digital image correlation (DIC), see Fig. 5. The specimens are inspected visually
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after testing. The length of the structuring as well as the inner diameter of the
aluminium LI-element are used for the calculation of the joint strength. Therefore
the length increase due to the meso or macro structuring is not taken into account.

3 Results

3.1 Quasi-static Tensile Tests

To investigate the strenghtening effect of a multi-scale structure, the meso structures
and the macro contour with two undercuts as well as their combinations were
examined and the load-bearing and failure behaviour compared. All samples fail
uniformly due to fibre fracture of the laminate as a result of excessive tangential
compressive stresses in the undercuts. In earlier investigations with the use of
in-situ computed tomography analysis it was shown that as a result of the axial
tensile load, a significant tapering of the FRP cross-section and an associated
detachment of the positive locking elements occurs (Gude et al. 2021). The com-
parison of strength and pull-out force as well as the fractured specimens is shown in
Fig. 6. The specimens with a sole macro contour have the lowest strength compared
to the meso or multi-scale structured specimen. The tests indicate that the combi-
nation of meso and macro form closure increased the maximum force and strength
of the joint compared to a sole meso or macro form closure. The determined joint
strengths of the multi-scale form closure joints are 11 MPa for two undercuts and

Fig. 5 Displacement measurement during tensile testing with GOM ARAMIS 3D resolution:
4096 � 3072 pixels, measuring volume (L � W � D): 150 � 115 � 95 mm, frame rate: 15 Hz
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30 mm structuring length and achieve equivalent shear strengths of adhesive bonds.
The force–displacement behaviour is compared to the numerical results in
Sect. 3.2.3.

3.2 Numerical Simulation

3.2.1 Form Closure on the Macro Scale

In the first step, the pull-out simulations are carried out with the contour geometries
presented on a macro scale. Figure 7 shows an exemplary force–displacement curve
and longitudinal sections of the FE model with representation of the fracture criteria
fibre fracture and inter-fibre fracture in the CFRP at discrete times or pull-out
distances. After 0.75 mm displacement (point 1), damage is evident in
the ±70°-bandages of the laminate, especially in the force-transmitting flanks of the
shaft contour. At the force maximum (point 2), the first layers of the bandages fail
due to fibre and matrix breakage, while the UD layers oriented in the pull-out
direction remain undamaged as expected. In the further course of the pull-out
(points 3 and 4), a complete failure occurs due to fibre fracture of both the inner and
outer braided layers. This reduces the resistance to the cross-sectional taper of the
CFRP and leads to a total loss of the form closure. This failure behaviour coincides
with the experimental results.

Fig. 6 Results of testing: a maximum force and joint strength in the pull-out test for the meso
structures groove and rhombus, the macro contour and the combined structured joints as well as
the specimen failure of b meso groove, c meso rhomb, d meso-macro groove, e meso-macro
rhomb
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The analysis of the failure-relevant stresses in the individual fibre layers at the
force maximum shows almost equally distributed tensile and compressive stresses
in the outer braided layers and predominantly tensile stresses in the UD layers. Due
to the fibre orientation, compressive stresses dominate in the bandages both in fibre
direction and transverse to the fibre direction, see Fig. 8. The validation of the FE
base model with a macro contour is done by comparing measured and calculated
force–displacement curves as well as by characterising the damaged areas after the
pull-out test.

Figure 9 shows the force–displacement curves simulated with different friction
coefficients. In addition, the range of minimum and maximum force–displacement
curves of the experimental test results is plotted. A very high agreement of the
curves over the complete pull-out displacement as well as the sensitivity of the
friction coefficient is evident. With a coefficient of friction of µ = 0.1, the experi-
mental force–displacement curve coincides with the calculations, while a lower
coefficient of friction is underestimated and a higher one is overestimated. This
shows the suitability in principle of the selected material models and the
friction-based contact approach in the interface of the joining partners for calcu-
lating the mechanical structural properties. The determined model parameters form
the basis for all further numerical investigations.

Fig. 7 FE model of the pull-out simulation with fracture criterion for fibre fracture (FF) and
inter-fibre fracture (IFF) after 0.75 mm (1); 1.5 mm (2); 3.0 mm (3) and 5.0 mm (4) pull-out
displacement as well as force–displacement curve of the joint with macro form closure
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Fig. 8 Stress in fibre direction a–d and in transverse direction e–h at maximum force for different
layers

Fig. 9 Force–displacement curves of the hybrid joints with macro form closure for different
friction coefficients in the interface
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3.2.2 Form Closure on the Mesoscale

Similar to the macro contour, two different form elements (compare Fig. 4) are
investigated on the mesoscale with regard to their load-bearing behaviour. For a
targeted design of the meso structures, essential relationships between geometric
parameters and the failure of the connection at maximum force transmission are
analysed using numerical parameter studies on simplified models with only a single
form closure element.

The first meso structure is a circumferential ring groove, which is described by
the parameters width W and form closure height H as well as the edge radius R. The
width of the groove is adapted to be compatible with the macro contour and is
W = 3.5 mm (Fig. 10). The other geometric parameters are varied in the
simulations.

The results are shown in Fig. 11 and demonstrate a significant influence of the
edge radii on both the transferable forces (a) and the joint stiffness (b) as well as on
the failure in the fibre composite. With small radii, high material utilisation can be
achieved through the superposition of local fibre damage and plastic deformation in
the aluminium. As the radii increase, the joint fails by reducing the load-bearing
form closure component without complete failure in the fibre composite.

The second form closure element investigated on the mesoscale has a rhomb
shape. The tip angle of a = 30° is adapted to the braiding angle of the tapes and the
length of the rhomb LR = 6.9 mm is adapted to the flanks of the macro contour. The
edge radii RR and the height of the rhomb HR were varied while the radii of the
corners RRL and RRC were kept constant at 0.5 mm. Figure 12 shows the scaled
transmittable pull-out forces and the joint stiffness as a function of the rhomb height
and the rhomb radii.

The greatest forces can be transmitted at maximum rhombus height at medium
radii. The pull-out forces decrease with increasing radii due to an earlier loss of the
form closure. Accordingly, the damages in the first layer of the CFRP part in fibre
direction indicate that a high utilisation of the material can be realised with a small
to medium radius (Fig. 13). On the other hand, for a high stiffness of the joint, a
small radius is required at medium to large rhombus heights.

Fig. 10 Section view including the characteristic dimensions of the meso groove structure
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Fig. 11 a Force–displacement curves of a meso-groove structure for different radii with a form
closure height H = 0.8 mm and b influence of the groove radius on the joint stiffness for different
form closure heights

Fig. 12 Influence of rhomb radius and height on pull-out force and joint stiffness

Fig. 13 Fracture criterion for fibre fracture in the first layer of the laminate for different rhomb
radii at maximum force for a height of 0.8 mm
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3.2.3 Combined Form Closure on Meso and Macro Scale

In Fig. 14 the force–displacement behaviour during quasi-static pull out tests of the
hybrid joints is shown for the numerical and experimental results. The numerical
simulations of the meso, macro and meso-macro variants is done with the coeffi-
cient of friction of µ = 0.1 validated with the macro model in Sect. 3.2.1. A good
agreement between experiment and simulation of the load bearing and failure
behaviour during pull-out can be found and thus the high prediction quality of the
friction-based modelling approach can be confirmed. A slight overestimation of the
pull-out force for the groove meso and meso-macro combinations is apparent. The
rhomb meso and meso-macro combinations fail earlier with a more rapid loss of
pull-out force compared to the experimental results. A similar load level with higher
joint stiffness compared to the macro structured joint was achieved experimentally
and could be validated numerically for the meso structured joints. Compared to
meso structured specimen the joint’s stiffness is further increased by combining
meso and macro structuring. The investigations have shown that a multi-scale
structuring of LI-elements in hybrid joints enable a significant improvement in
stiffness and strength.

4 Conclusion

The use of hybrid joints with multi-scale form closure enables the transmission of
high loads in weight-optimised lightweight structures. In this work, the load bearing
capability of manufactured hybrid joints with a tape-braided reinforced hollow
profile made of CF/PA6 in combination with a multi-scale structured aluminium
LI-element is analysed numerically and experimentally. A simulative approach to
predict the failure of such structures is presented. With the use of an “elastic
damage” model based on degradation theory a good agreement between

Fig. 14 Force–displacement curves from simulation and experiment for the a groove- and
b rhomb meso-, macro- and combined structures
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experimental and simulative results of the load bearing capability and damage
propagation in quasi-static pull out test is achieved. The tensile strength and stiff-
ness of the different meso and macro structured form closure variants is predicted
and the benefit of a multi-scale structured form closure is demonstrated. A slight
overestimation of the pull-out force for the meso and meso-macro variants as well
as a premature failure behaviour compared to the experimental results indicates a
small inaccuracy of the numerical model. In numerical sensitivity analyses with
varying height and radii of the groove and rhomb meso structures it is found that the
joint strength and stiffness can be increased if the radii are decreased and the
structure height is increased.

Future investigations should focus on feasibility studies of the found optimal
geometric dimensions of the meso structures in terms of formability of the alu-
minium during hydroforming. Additionally, numerical and experimental studies of
the CFRP in the bladder-assisted moulding process can give insights on the
moulding behaviour and whether these optimised geometries show a good
moulding quality of the meso structures, which is necessary to achieve a high load
bearing capability of the contour joint. Level set tests in combination with pho-
tomicrographs and computed tomography should be carried out to generate a deeper
knowledge for the phenomena during forming. Additional effort should be con-
tributed towards the numerical rhomb model in order to increase the accuracy of the
prediction of the failure behaviour. The modelling of the braided textile and the
undulation of the braided plies are subjects of future investigation.
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Model-Based Joining Process Design
for the Body Shop Process Chain

Christian Schwarz, Patrick Ackert, Tobias Falk, Markus Puschmann,
Reinhard Mauermann, and Welf-Guntram Drossel

Abstract The future mobility presents new safety requirements. In addition to the
passenger compartment, batteries and hydrogen tanks need also to be intensively
protected. High-strength, hot-formed steels, die-cast components and new material
pairings pose new challenges for selecting and parametrization the used joining tech-
nology. For this reason, the Coupled Process Analysis (CPA) method, for supporting
the design andmonitoring of joining processes, is presented. From as early as 12 data
sets from simulation or experiment (micrograph), it is possible to map interdepen-
dencies between the quality criteria of the join and the acting process parameters.
The resulting possibilities are illustrated by means of the numerical design of a
clinch and a riveted joint as well as the experimental, image-based sampling of a
weld seam. Finally a supplemented by a presentation of the potentials in quality
monitoring in series operation of the automotive process chain will be done. The
combination of high flexibility with respect to the in- and output variables (visual
images, FE-meshes, process curves, discrete values), low modeling effort and the
image based representation of the interdependencies makes the approach suitable
even for employees with lower qualification.

Keywords Joining · Car body shop process chain · Surrogate modelling · Quality
optimization

1 Introduction

The reduction of development cycles is an essential criterion for achieving compet-
itive advantages in automotive engineering. At the same time, the growing use of
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mixed construction concepts in body manufacturing (e.g. steel/aluminum sheet) is
increasing complexity in production, which significantly raises the requirements for
meeting quality targets.

Digitization in production is growing steadily. The development process gener-
ates data from experimental tests and numerical simulations. This data is used to
determine suitable process parameters for manufacturing methods such as joining
technology. More andmore process, measurement and simulation data is available to
manufacturers, but there are still methods missing to gain useful insights. Especially
when the test sample size is small, the process data is incomplete and the type of
recorded data differs, there is no satisfactory solution approach available. The best
example of this is a glance at vehicle production where up to 500 stamped sheet
metal parts are joined in up to 120 fixtures to get a complete body, and each process
step has an varying level of impact on the dimensional stability of the car body (Hu
et al. 2001).

2 Statistical Modelling in Joining

2.1 Mechanical Joining

Machine learning methods have already been used in research work on mechanical
joining technology. Oudjene presents a combination of response surface method and
moving least square approximation to optimize the tool contour during clinching
(Oudjene and Ben-Ayed 2008; Oudjene et al. 2009). In a sensitivity analysis
performed by Lambiase, the main effects of tool parameters on undercut and neck
thickness are determined by an artificial neural network (ANN) (Lambiase and Di
Ilio 2013). Also, based on a genetic algorithm (GA), the tool geometry is optimized
with respect to the joint strength. Roux optimizes the tool geometry with respect to
strength parameters of the joining partners using a kriging-based model (Roux and
Bouchard 2013). For the targeted design of clinching processes, Drossel investigate
the application of an FE-based approach for sensitivity analysis (Drossel et al. 2014).
The objective of the study was to optimize the strength-related quality parameters for
different sheet thickness andmaterial combinations.Wang uses Bezier curves param-
eterized in their control points to describe the die geometry. By varying the control
points, die geometry can be optimized to avoid crack formation when clinching thin
sheets (Wang et al 2017). Schwarz propose an optimization approach based on prin-
cipal component analysis to improve the quality of the joined joint (Schwarz et al.
2020). In Thoms and Kalich (2002), neural networks were used to predict process
parameters as well as joint strengths in solid stamp riveting. In the studies, Hahn
and Tan (2003), Hahn et al. (2005) and Tan et al. (2006), neural networks and later
k-nearest neighbor regressions were first used to predict the load carrying capacity
of clinch joints. In Breckweg (2006) neural networks to classify defects in process
monitoring for radial clinching are used. For self-pierce-riveting, the influence of



Model-Based Joining Process Design for the Body Shop Process Chain 27

fluctuating component properties, such as sheet thickness and strength variations,
on the joining point formation was investigated and concepts for adaptive process
adjustment were demonstrated (Jäckel et al. 2016).

2.2 Welding

Three main methods are used for statistical modeling of experimental welding data:
Response Surface Method, Taguchi Method and Artificial Neural Networks (Dhas
and Dhas 2012).

A popularmethod for themathematical description of cause-effect relationships in
welding is the response surface method (RSM). Here, a multi-dimensional response
surface is used to establish a relationship between the input parameters and one
or more quality-relevant target variables. To plan the experiments, a full facto-
rial experimental design is often used in RSM with the Central Composite Design
(CCD). The first experimental studies based on RSM are shown by Gunaraj and
Murugan (1999) to identify the optimum weld geometry in submerged arc welding.
The welding parameters considered within the models are clamping voltage, wire
feed rate, welding speed and welding nozzle distance to the sheet.

XuuseRSMforweld optimization of thick-walled pipes joined bygas shielded arc
welding. The objective is to establish a relationship between six welding parameters
and threeweld parameters determined in themicrograph (Xu et al. 2014). InLiao et al.
(2018), RSM is used to predict the ideal weld geometry in TIG welding of pipelines.
The geometry of theweld is analyzed using three parameters (weld depth,weldwidth,
weld protrusion) in the micrograph. Welding power, welding speed and welding
position are identified as important input variables for the model. In contrast, the
optimization of the laser beam welding process is based on the RSM of Padmanaban
and Balasubramanian (2010). The focus is on the model-based prediction of the
tensile strength of a laser beam welded magnesium alloy with variation of laser
power, welding speed and focus position. Further experimental investigations based
on the RSM can be found, for example, in Acherjee et al. (2009) and Srivastava and
Garg (2017).

Another statistical method that is frequently used in welding parameter studies is
the TaguchiMethod (TM). The TM is an experimental design that aims atminimizing
the experimental scatter as well as the robust design of the process (Dhas and Dhas
2012). Rao use the TM in combination with a multiple regression model for arc
welding. Input variables for the model are wire feed rate, workpiece thickness, pulse
current intensity, and welding speed. Experimental results show that the model can
predict the quality relevant parameters of the weld geometry with a high accuracy
(Rao et al. 2009). In Anawa and Olabi (2008) the focus is on the optimization of
laser beam welded components. The influence of the laser power, the laser speed and
the focus position on the weld geometry is investigated. The functional relationship
between welding parameter and weld is realized via nonlinear regression models.
In contrast, using laser welded aluminum alloys as an example, Pan show that TM
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can be used to increase the tensile strength of the welded joint (Pan et al. 2005).
Furthermore, Eşme (2009) describes the applicability of TM to optimize the tensile
shear strength for spot welded geometries. Datta attempt to combine TM with PCA
to convert the multivariate optimization problem into a univariate one for submerged
arc welding (Datta et al. 2009). On the other hand, a comparison between the RSM
and the TM is shown in Sivaraos Milkey et al. (2014).

In addition to RSM and TM, numerous studies deal with the optimization of
welding parameters using ANN. Mirapeix shows in Mirapeix et al. (2007) a diag-
nostic method of welding defects based on a KNN. The quality of the weld is eval-
uated using the plasma spectrum. Lightfoot develop a KNN architecture that can be
used to reduce the weld-induced distortion of marine steel plates (Lightfoot et al.
2004). In Ismail et al. (2013) aKNN-basedmodel is presentedwhich is able to predict
the weld geometry characterized by two specific parameters for laser beam microw-
elding of thin sheet structures. Acherjee determine the correlation between process
parameters and quality related target variables based on a nonlinear KNN model for
laser transmissionwelding of thermoplastic (Acherjee et al. 2011). Laser power, laser
speed, working distance and clamping pressure are selected as welding parameters
for the model. Model target variables considered are tensile shear strength and weld
width. A very comprehensive review on statistical analysis of welding processes can
be found in Benyounis and Olabi (2008) and Dhas and Dhas (2012).

Due to the possibility of numerical calculation of welding processes, optimiza-
tion of welding process parameters can also be performed based on computer simu-
lations. In this context, the potential of welding simulation lies in a reduction of
time-consuming and cost-intensive welding experiments (Yang et al. 2018). Against
this background, Yang et al. (2018) and Jiang et al. (2016) propose an FEA-based
method formodel-based prediction ofweld geometry for laser beamwelding.Kriging
models form the basis of the statistical investigations, with laser power, laser speed,
and focus position selected as input parameters in both cases. On the other hand,
an approach to combine FEA and RSM to optimize the temperature field and weld
geometry for laser beam welding is shown in Acherjee et al. (2012).

2.3 Data-Based Forecasting Models in Automotive Car Body
Production

In the context of digitalization, the possibilities of data-based analysis and prognosis
in car body production are increasing. In previous development projects on the digi-
tization of car body production, for example, the influence of fluctuating sheet metal
properties on component quality and geometry was investigated in deep drawing
(Purr et al. 2015; Kriechenbauer et al. 2020). It was shown that an adaptive reaction
to process fluctuations in deep drawing can be realized with actuators integrated in
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the tools (Bäume et al. 2016). Schwarz describe that it is possible to predict the inter-
actions of process parameters on the component geometry for deep drawing using
data-based statistical models (Schwarz et al. 2018, 2021).

3 Coupled Process Analysis

Traditionally, quality assurance is the instance in which most of the data for the final
product is determined. The classic implementation is mostly carried out on a random
sample basis and under laboratory conditions. In the course of Industry 4.0, more
and more data is now being collected along the production line. This data includes
product data (dimension, strength, etc.) from the real process (Behrens et al. 2018),
as well as simulation data, which is collected in an early planning phase (Wahl et al.
2011). The aim of the data acquisition is to determine the effect of process parameter
variations on quality-relevant target variables (e.g. dimensional accuracy, strength
values).

However, the statistical analysis of these data is very challenging in terms of data
diversity and data volume. In most cases, the results are in the form of multidimen-
sional data sets (e.g. finite element (FE) meshes from simulations). If the simulation
result (e.g. deviation, temperature, stress) is determined at each mesh node of the FE
mesh, the connection of the process parameters with this target variable has to be
considered as a multivariate statistical problem due to the large number of nodes in
a FE mesh.

To solve this problem, a machine learning method already exists in the form of
Coupled Process Analysis (CPA), which deals with the evaluation of multidimen-
sional data sets along production process chains. The aim of the CPA modeling
algorithm is to combine the dependent and independent data sets along any multi-
stage process chain so that the causal relationships can be determined using surrogate
models.

The solution consists in projecting the multivariate data basis (e.g. sheet thickness
distribution, deviation field) into a low-dimensional subspace by means of Fourier-
and variance-based reduction methods as shown in Schwarz et al. (2018, 2020, 2021)
(see Fig. 1). In this subspace, computation of surrogate models and sensitivities is
much less complex due to the low dimension. The statistical quantities calculated in
the subspace can then be visualized as a shape-based area plot via a back-projection
process onto the reference mesh. This allows the functional relationship between
the process parameters and the defined target variable to be visualized in a spatially
resolved manner for each node of the finite element mesh.

The strength and focus of CPA lie in the creation of surrogate models by applying
efficient data reduction methods. In summary, the application of the CPA results in
the following advantages:

• Data diversity: Processing ofmultivariate input data (discrete values,mesh surface
data, images).
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3. DATA REDUCTION

4. SUPERVISED LEARNING

1. DATA BASIS

5. SHAPE-BASED VISUALIZATION

2. DATA PROCESSING

Fig. 1 Methodology of coupled process analysis (CPA)

• Data size: The CPA requires only a very small sample size for a large number of
input variables.

• Range of applications: The CPA can be used both in the planning stage and in
series production.

• Shape-based visualization: User-friendly representation of complex inter-
relationships.

The possibility to process and evaluate multivariate data sets results in a higher
gain of knowledge, whereby the set quality targets can be reached faster.

4 Application of CPA Algorithm in Joining

4.1 Laser Beam Welding

The objective of the first case study is the development of a process-specific soft-
ware demonstrator for the virtual prediction of both welding parameters to be set
(given welding results) and multivariate welding results (given parameters) based on
surrogate models for the example of laser beam welding. This goal is to be achieved
by developing an approach based on CPA with which the complete two-dimensional
weld geometry can be processed as a multivariate data set and statistically evaluated.

In contrast to the state of the art, the welding parameters are to be linked to multi-
variate welding result variables with the aid of selected model functions, which can
consist of over one million dependent result values (see Fig. 2). To verify the func-
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Fig. 2 Model-based prediction of micrographs using the CPA algorithm

tionality of the CPA, three welding process parameters (laser power, focus position,
laser speed) were varied in the experiment and only 12 real image-basedmicrographs
were generated as data basis.

It has been demonstrated that it is possible to process entire image micrographs or
even weld cross-section contours by statistical models and thus to predict complex
welding results, such as the geometry of the heat-affected zone or/and the fusion
area, and to visualize them in a 2D result plot.

4.2 Clinching

FEM-based parameter studies have great relevance in the design of clinch tools.
Often, only a small number of target parameters such as geometry parameters,
strength values or forces are taken into account to analyze the quality of the joined
joint. On the basis of CPA, a description of the entire clinch geometry becomes
possible via a mathematical model. The aim of the optimization is to maximize the
interlock and neck thickness for the entire clinch contour.

For the process design of the clinching process, a 2D simulationmodelwas created
using the FE solver Deform. The FE model is parameterized in such a way that
the input parameters can be systematically varied within defined parameter limits
during each simulation run. As input parameters, ten tool and process parameters
(e.g. diameter of the die, diameter of the punch, blank thickness), were varied. To
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Fig. 3 Model-based prediction of the 2D cross-sectional geometry of the clinched joint

achieve the most uniform distribution of samples in the experimental space, a sample
set with 100 design variants was generated using Latin Hypercube Sampling (LHS).

As shown in Fig. 3, the CPA algorithm is able to create a surrogate model that
mathematically generates the 2D cross-sectional geometry of the mechanical joint
in real time as the tool parameters change freely in parameter space. The interactions
between tool parameters and clinch contour can be reproduced with a very high
forecasting quality.

Furthermore, it could be shown that the additional application of an evolutionary
algorithm offers the possibility to optimize the entire clinch contour with regard to
relevant joint parameters such as undercut and neck thickness.

4.3 Self Pierce Riveting

The aim of the research project was to develop a FE-solver-independent joining
assistance system for self-pierce riveting that visualizes the functional relationship
between process parameters and user-defined result variables such as joining point
geometry, crack formation or tool load as a 2D cross-sectional model in real time on
the basis of joining process simulation data.

To build the database, a rotationally symmetric 2D simulation model was
constructed using the software Simufact Forming and 150 simulation variants were
calculated. A total of 14 process parameters (e.g. blank thickness, diameter die,
riveting height) were modified in the simulation. For a user-friendly use of the CPA
models, a software demonstrator was built (ref. Fig. 4). In this demonstrator, the 14
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Fig. 4 Model-based prediction of the 2D cross-sectional geometry of a self-pierce riveted joint

input parameters are set using sliders and, based on this input data set, the predicted
joining point contour is immediately visualized. Based on this geometry, the charac-
teristic parameters and themaximum joining force of the predicted joint are automat-
ically calculated. In addition, the user can have the predictions of all integrated output
variables displayed. These are visualized node/element-wise via color gradients, as
one is used to from commercial simulation software. In addition, it is possible to
directly display the value of the currently selected output size for nodes in the soft-
ware by clicking on the corresponding accounts. If another output size is selected,
then not only the coloring/scale will change, but also the value of the selected node
will be updated.

4.4 Car Body Manufacturing

In this case study CPA algorithm is used to identify causal relationships in indus-
trial process chains such as car body manufacturing. The database comprises in-
line measurement data and fixture adjustments for a series system in which approx.
600 cars (Porsche Panamera) were built. The objective was to determine the causal
effects of themeasured values and the fixture adjustments of the steps “front section”,
“rear section”, “floor center” and the assembly “underbody” on the “body assembly”
(Fig. 5). The “side panels” are measured separately and included in the process input.

It is shown that by applying the CPA method to a car body process chain, it was
possible to combine dependent data sets (e.g. geometry) and independent input data
sets (e.g. fixture adjustments) to form a surrogate model. The cause of variations in
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Fig. 5 Applying CPA in car body manufacturing process

the assembly stage could be identified and used to derive compensation measures.
The accuracy of the final car body assembly and the process chain efficiency are
significantly improved.

5 Conclusion

Digitization is steadily growing in joining processes. More and more data on the
process, measurement and simulation is available to manufacturers. The aim of the
data acquisition is to determine the effect of process parameter variations on quality-
relevant target variables (e.g. dimensional accuracy, strength values).

Within the paper, Coupled Process Analysis (CPA) was presented for the statis-
tical analysis of joining processes. The CPA is a machine learning method that is
designed to recognize quality-relevant process parameters in a few simulation or
production runs and to make corresponding compensation suggestions. The strength
and focus of CPA lie in the creation of surrogate models by applying efficient data
reductionmethods. This allowsmultivariate data structures (images, in-linemeasure-
ment data, FE-meshes) to be processed and complex relationships to be visualized
with maximum information content for the user.

Moreover, a verification shall be conducted regarding the ability of CPA to deter-
mine correlations in other joining processes. Furthermore, the transferability of the
CPA method to other industrial processes can be examined, e.g. in medicine, the
chemical.
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Abstract Currently, destructive or non-destructive testingmethods are used to verify
the weld seam quality subsequent to the manufacturing process. Therefore, pre-
processes such as visible or mechanical testing require additional efforts, which can
lead to expensive reworking or rejection of the components. The acoustic process

M. Grätzel (B) · S. Other · B. Stoll · M. Rohe ·M. Hasieber · T. Löhn · J. Hildebrand ·
J. P. Bergmann
Production Technology Group, Technische Universität Ilmenau, Gustav-Kirchhoff-Platz 2, 98693
Ilmenau, Germany
e-mail: michael.graetzel@tu-ilmenau.de

S. Other
e-mail: sven.other@tu-ilmenau.de

B. Stoll
e-mail: benedict-niklas.stoll@tu-ilmenau.de

M. Rohe
e-mail: maximilian.rohe@tu-llmenau.de

M. Hasieber
e-mail: michael.hasieber@tu-ilmenau.de

T. Löhn
e-mail: torsten.loehn@tu-ilmenau.de

J. Hildebrand
e-mail: joerg.hildebrand@tu-ilmenau.de

J. P. Bergmann
e-mail: jeanpierre.bergmann@tu-ilmenau.de

A. Kátai · K. Breitbarth (B) · J. Bös
Fraunhofer Institute for Digital Media Technology IDMT, Ehrenbergstraße 31, 98693 Ilmenau,
Germany
e-mail: kati.breitbarth@idmt.fraunhofer.de

A. Kátai
e-mail: andras.katai@idmt.fraunhofer.de

J. Bös
e-mail: joachim.boes@idmt.fraunhofer.de

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
L. F. M. da Silva et al. (eds.), 2nd International Conference on Advanced Joining
Processes (AJP 2021), Proceedings in Engineering Mechanics,
https://doi.org/10.1007/978-3-030-95463-5_3

41

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-95463-5_3&domain=pdf
mailto:michael.graetzel@tu-ilmenau.de
mailto:sven.other@tu-ilmenau.de
mailto:benedict-niklas.stoll@tu-ilmenau.de
mailto:maximilian.rohe@tu-llmenau.de
mailto:michael.hasieber@tu-ilmenau.de
mailto:torsten.loehn@tu-ilmenau.de
mailto:joerg.hildebrand@tu-ilmenau.de
mailto:jeanpierre.bergmann@tu-ilmenau.de
mailto:kati.breitbarth@idmt.fraunhofer.de
mailto:andras.katai@idmt.fraunhofer.de
mailto:joachim.boes@idmt.fraunhofer.de
https://doi.org/10.1007/978-3-030-95463-5_3


42 M. Grätzel et al.

characterization for Friction Stir Welding (FSW) applications permits a compara-
tively new approach of process monitoring to detect weld seam irregularities by the
characterization of the emitted noise in the audible frequency range (airborne sound
signal). In previous publications, the acoustic detection of weld seam irregularities
was mostly based on structure-borne sound sensors. Although a correlation between
weld defects and audio signals has been demonstrated, there are process-related
deficits in the use of structure-borne sound sensors. These include a fixed installa-
tion position and limited applicability for large-scale components such as battery
cases. In contrast airborne sound sensors (microphones) can be mounted directly in
the area of the joining process and thus influences of component size, joining mate-
rials, and weld seam geometry can be reduced. However, the use of airborne sound
sensors for FSW applications requires preparatory considerations on the sensor posi-
tion towards the joining process (sidely, in front of or behind the processing tool).
Therefore, in this study an approachwill be presented to evaluate the directional char-
acteristic of the airborne sound emitted by the FSW process. First, the positioning
of the microphone for the various welding directions were investigated. This was
done to determine a suitable microphone orientation during the process. Then, the
general determination of audio signals from the FSW process will be considered and
compared to the process force feedback. Further, it was demonstrated that acoustic
analysis can be used for detection of weld seam irregularities such as flash formation
on 5 mm AA 5754 H111 sheets. All experiments were performed with a robotized
FSW setup that was modified by a self-developed acoustic measuring device.

Keywords Machine learning · Friction stir welding ·Weld seam irregularities ·
Process forces · Acoustic emissions · Audio signal · Polar plots · Process
monitoring · Real time monitoring

1 Introduction

The joining of metallic structures by FSW (Friction Stir Welding) is gaining more
and more importance, particularly for components consisting of aluminum alloys or
dissimilar materials such as aluminum and copper, as these are used in e-mobility
concepts. The main advantage of FSW in lightweight design is the comparative low
joining temperature below the liquidus temperatures of the base materials and, thus
pores and hot crack formation can be prevented. The operation principle of the FSW
process is based on a wear-resistant tool consisting of a shoulder and probe. The
involved process stages (I-through V) of the FSW process are shown in Fig. 1.

At the beginning of the joining process the tool is set in rotation (I) and plunges
by a downward motion into the workpiece (II). During the plunging procedure the
axial force Fz increases and plasticizes the material due to the frictional heat. In

J. Bös
Industrial Applications of Media Technologies IMA Group, Technische Universität Ilmenau, Am
Helmholtzring 1, 98693 Ilmenau, Germany
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Fig. 1 FSW operation principle and process stages

addition to the tool plunging a dwell time of the tool can be preset to generate
a sufficient heat input before the beginning of the welding stage (III). During the
welding stage the plasticized workpiece material intermixes by shoulder and probe
and creates a firm bond along the welding path. At the end of the welding process
(IV) the tool movement stops first while the shoulder and the probe are still in
rotation for a few seconds. Then, the tool is moved out of the joining area by an
upward motion. The quality of an FSW joint is determined by a sufficient material
flow under and around the tool which requires in particular correct process and tool
conditions. With respect to the process conditions, suitable welding settings such as
axial force, rotational speed, and tool anglemust be preset.Due to a sufficientmaterial
intermixing the tool conditions are relevant as well and, therefore, most of the time
probes and shoulders are equipped with a specific geometric profile. However, probe
and shoulder profiles are affected by toolwear and reduce thematerial flowduring the
welding procedure. As the consequence of inappropriate process and tool conditions
weld seam irregularities can occur due to insufficient material flow (Mishra and Ma
2005). Therefore, industrial challenges such as the detection and prevention of weld
seam irregularities are highly relevant, as the welding area is under the tool and not
directly visible.

Usually, the weld seam quality is checked after the manufacturing process by
means of variousmethods (post-process). Thus, weld seam irregularities are detected
subsequent to the joining process and result in cost-intensive reworkings or compo-
nent failure. In particular, suitable non-destructive methods for process monitoring
are required to detect weld seam irregularities during the welding process (in-
process). Previous studies have examined a variety of approaches to implement
suitable process monitoring methods, whereby measurable signals from the joining
process or the welding setup are used. These include mechanical loads such as forces
and torque, power and current signals of the spindle, temperature in the joining area,
vibrations, as well as audio signals. In particular the interactions between audio
signals and weld seam irregularities were widely investigated so far.
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Chen et al. (2003) used structure-borne sound measurements to monitor the FSW
process. Breakouts of different sizes were provided in the weld seam, which served
as artificially generated irregularities. Due to the use of wavelet transformations of
the structure-borne sound signals, the gaps between the shoulder and the workpiece
could be detected, which the authors considered to be a basic possibility of process
monitoring. Due to this sensitive measurement method, differences in the audio
signals between the advancing and retreating side of the tool can also be detected.
This can indicate different flow patterns and deformations of the material, due to the
differences between the direction of rotation of the tool and the welding direction of
the advancing and retreating side of the tool (Chen et al. 2003).

Soundararajan et al. (2006) investigated the approach of an acoustic processmoni-
toring for FSW as well. It could be shown that the audio signals deviate due to the
variation of the rotational speed. If the thermomechanical conditions remain almost
constant during joining, the FSW process reaches a steady state. If changes occur
during this phase, then the quality of the weld is affected. The interactions of the
tool with the workpiece can directly relate to important features in the audio signals.
The signals were evaluated with the help of Fast Fourier-, Short Time Fourier- and
Wavelet transform. Two significant frequency ranges were found for the FSW, which
can be influenced by varying the welding parameters. Since many mechanisms are
involved in the generation of the structure-borne sound, the extraction of the signif-
icant features becomes difficult (Chen et al. 2003). Due to their sensitivity and fast
reaction to process irregularities, the mechanical variables are best suited for real-
time monitoring according to Mishra et al. (2018). Force signals were analyzed for
the first time as early as 2006 by Boldsaikhan et al. (2006) using artificial neural
networks (ANN). Their results show that there is a correlation of the welding quality
with the feed and shear forces, as well as the feedback moments. In another study,
the authors state that the classification of welds with tunnel defects is possible with
95% accuracy (Boldsaikhan et al. 2011). For this purpose, they use the frequency
spectra of the feedback forces generated bymeans of Fourier transformation and also
an ANN approach.

Up to now, airborne sound in the audible range has not been used as a process
monitoring in FSW. The reasons for this are the background noises occurs from
various production processes and sources in the workshop area. Thus, a separation
from the relevant acoustic signals is required. However, due to the advancement
of computer hardware and machine learning, especially deep learning, the analysis
of audio signals is undergoing a rapid development. This is made possible by the
efficient training and autonomous feature extraction from audio data (Chan and Chin
2020; Grollmisch and Johnson 2020, Johnson and Grollmisch 2020).

Several publications have already confirmed the promising potential of airborne
sound analysis for process monitoring in welding procedures. Suitable machine
learning algorithms for the evaluation of airborne sound enable the detection of
different weld seam irregularities with detection probabilities up to 90% (Sumesh
et al. 2015; Ren et al. 2018; Asif et al. 2020). Furthermore, microphones are compar-
atively not as expensive and can be installed very close to the joining process. This
provides in particular a wide range of applicability for large-scale components due
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to the absence of local fixed structures which are used for structure-borne sound or
in local force measurement devices.

Due to the existing potential this study focuses on the basic application of airborne
sound as a promising method to detect weld seam irregularities during the FSW
process. Initially, a method was developed to evaluate the correct mounting position
of a suitable microphone. Then it is shown that the varying FSW process stages (see
Fig. 1) are recognizable in the airborne sound signal. Furthermore, an analysis of
airborne sound and parallel of the axial force Fz was carried out in order to evaluate
the significance of both signals in each of the process stages I through V. Finally, it
was shown that it is indeed possible to use airborne sound measurements to detect
weld seam irregularities.

2 Experimental Design

The experimental design considered (a) the directional characteristics of the process
(+x, −x, +y, and −y) and (b) the position of the microphone. Prior to the measure-
ments the spatial sound radiation characteristics of FSW processes were unknown.
Therefore, a survey of various microphone positions was necessary.

2.1 General Conditions

The experimental investigations were conducted on a robotized force controlled
FSW setup from Grenzebach Maschinenbau GmbH using a KUKA KR500 heavy
duty robot with an axial force of up to 10 kN and a maximum rotational speed of up
to 14,000 1/min (Fig. 2).

The welding tool, consisting of a shoulder and a probe, was provided by RRS
Schilling GmbH. Figure 3 depicts the welding tool in (a) top and (b) side view
position.

Fig. 2 Robotized FSW setup, clamping device with force measurement unit, and welding table
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Fig. 3 a Top view and b side view of the welding tool consisting of shoulder and probe

The shoulder has a diameter of 15 mm and is additionally designed with a scroll
profile to improve the material flow whereas the probe was manufactured with a
thread and five flutes to ensure a sufficient material intermixing. Furthermore, a
probe length of 3.75 mm was preset to prevent a contact with the backing plate. All
experiments were conducted at a welding speed of 1000 mm/min, a tilt angle of 2°,
a tool rotational speed of 1500 1/min, and an axial force of 8500 N.

The initial experiments (see Sects. 3.1 and 3.2) to investigate the airborne sound
emissions during the FSW process were carried out using sheets of the aluminum-
magnesium alloy AA 5754 H111 with 5 mm sheet thickness, 250 mm length and
250 mm width. For all weld seams in Sect. 3.1, a length of 50 mm was selected.
During the final experiments in Sect. 3.3 a weld seam length of 600 mm and a
sample width of 170 mm was used to measure the airborne sound signal during the
flash formation in the weld seam (see Fig. 9).

2.2 Measurement Setup

For the acoustic measurement, the spindle of the robot is equipped with a condenser
microphone sE8 from sE Electronics International, Inc. The microphone has a
frequency range from 20 to 20,000 Hz, similar to the human hearing range (sE
Electronics International 2021). It has a cardioid characteristic, which means that
signals from the front are perceived more strongly than from the rear. In this way it is
attempted to only record the main sound of the process and to significantly suppress
ambient noise. The measurement setup for the recording of airborne sound during
the FSW process is shown in Fig. 4.

To protect themicrophone from vibrations and thus avoid distortion of the signals,
the microphone is mounted to the robot via elastic microphone shock mounts. The
microphone and the mount are attached to the spindle via an adapter plate. The
designed adapter plate provides ten different microphone positions (in 36° steps)
in relation to the robot coordinate system, so the sound radiation pattern during
the process can be investigated in detail. In Fig. 5a the microphone positions are
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Fig. 4 a Measurement setup for the recording of the emitted airborne sound and b microphone
positions which can adjust by the adapter ring

Fig. 5 a Varying rotation angles and b FSW weld seams joined in ±x and ±y direction with an
enlarged section of a weld seam

illustrated with varying rotation angles.
During the experiments the spindle moves only in directions of +x, −x, +y, and

−y whereby the position of the coordinate system keep constant. Furthermore, an
adjustable bracket can be used for work angle settings of the microphone relative
to the spindle axis (25–40°). However, the following investigations were performed
with a constant angle of 25°. The distance between the microphone and the tool
center point remains constant at 150 mm.

The microphone is connected to the required 48 V phantom power supply via
an XLR cable whereas the data were recorded with a sample rate of 100 kHz. The
process force Fz was measured with a multi-component dynamometer type 9255C
by Kistler with a maximum scan rate of 50 kHz, mounted below the clamping device
(see Fig. 2). Both the microphone and the force measurement device are connected
with a Dewetron measuring system to ensure the synchronization of the audio and
force signals.

2.3 Experiment Execution

Weld geometries are composed of meanders and curved parts that affect the orienta-
tion of thewelding tool and, hence, the direction of the sound radiation.Consequently,
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the positioning of the microphone could be crucial for picking up audio signal. To
verify this, the directional characteristics of the process are assessed at various points
in order to obtain those positions at which the strongest sound signal (main lobe)
is emitted. Consequently, several positions should be observed at the same time, if
necessary. Spherical directivity at eachmeasured point enables numerous advantages
to the practicality of acoustic condition monitoring.

The experimental investigations were carried out at TU Ilmenau. The first anal-
yses focused on the FSW process. Therefore, the sealing air (prevent interior spindle
soiling) was switched off because it could override the welding process acoustically.
Figure 5b shows the 50 mm long weld seam geometries that were recorded acous-
tically; three for each direction (+x, −x, +y, and −y). This results in a data set of
twelve recordings for each microphone position.

For further consideration, themean of the three individual welds (of each direction
and microphone position) is analyzed for its frequency and its amplitude. These are
then plotted in a polar plot to assess the frequency response as a function of position
and amplitude.

3 Results and Discussion

Before the audio signal could be interpreted, the directionality of the FSW process
acoustic emissions was analyzed. This was necessary to determine the direction from
which the welding robot emitted the audio signal. The directionality was analyzed
by polar plots.

3.1 Acoustic Characterization by Polar Plots

As already shown polar plots are used to evaluate the directionality; they show
which frequencies are suppressed or emphasized in a particular direction. To create
the polar plots, the axial force signal was searched for zeros. The first change of
sign in the second half (back area of the weld) of the recording (equal to first zero
point) marks the upward motion of the tool at the end of the FSW process detaching
from the workpiece (see Fig. 1 IV). Starting from this point, the welding phase was
determined backwards. From the recorded audio data, a timewindow of stage III (see
Fig. 8) was defined for each weld sample and considered in the evaluation. Within
the Fourier transform (FFT/DFT) and octave filters the data sample was examined.
Subsequently, the arithmetic mean of the three welds per direction and microphone
position were determined accordingly. The values were plotted in polar diagrams in
steps of 36°.

Figures 6 and 7 show the polar plots created for the four different welding direc-
tions. Sound pressure levels at higher frequencies are not shown here as the relevant
information is located in the low-frequency range.
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Fig. 6 Polar plots of a +x direction, b −x direction, c +y direction, and d −y direction

The polar plots show that relevant frequency levels are equally attenuated in all
directions. No significant differences between the process directions +x, −x, +y,
and −y were recognized. So, the directionality of the FSW process has no direct
preferred direction. Consequently, the position of the microphone can be chosen as
needed. This is a particular advantage for the use of acoustic condition monitoring
in a real production environment.
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Fig. 7 Comparative polar plot of selected frequencies as a function of all directions

3.2 Comparison of Process Forces and Audio Signal

After the investigation of themicrophone position, the audio signalwas analyzedwith
respect to its possible significance for acoustic condition monitoring. This was done
bymeans of the acting force in z-direction (Fz) and the amplitudes of the audio signal
during the joining process. Figure 8 depicts Fz, sound pressure and spectrogram of
the audio signal.

Initially, a 50 mm weld seam without irregularities (Fig. 5b) was produced by
using an axial force of 8500 N, a rotational speed of 1500 1/min and a welding speed
of 1000 mm/min. In stage I (0–2.3 s) the rotating tool moves to the start position
of the weld seam. In this stage there is no axial force Fz as the tool and the force
measurement setup are not in contact with each other. The microphone signal also
shows no significant sound pressure differences. During the second process stage (II)
the tool plunges in the workpiece and plasticizes the material due to the frictional
heat. In the range between 2.3 s and 12.4 s the axial force Fz increases from 0 up to
8500 N which was the preset value in the force control settings. Thus, the unequal
force amplitudes clearly indicate unstable tool/workpiece interaction. After reaching
8500 N the tool plunging is finished and the force control software changes to the
next control cycle in stage III. The delay caused by the switch from stage II to stage
III is recognizable between 11.2 and 12.4 s and causes a short-term decrease of the
axial force from 8500 to 4000 N. Compared to the Fz force signal, the audio signal
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Fig. 8 a Axial force Fz , b sound pressure, and c spectrogram of the audio signal as a function of
time and process stages I–V

depicts only a very slight increase of the sound pressure in this range (see Fig. 8b). In
the welding stage (III) the force and audio signals are approximately constant, which
indicates a stable process performance without weld seam irregularities. Subsequent
to the welding stage (14.7–15.3 s) the tool stops but is still in rotation for a few
seconds (IV). At the end of the joining process the axial force and the tool rotation
decreases to 0 N and 0 1/min and the tool moves to the initial position (V). The audio
signal in IV and the beginning of V exhibits a slight increase of the amplitudes as
long as the rotating tool and the workpiece material are still in contact. In stage V
(16–17.2 s) the audio signal is approximately at 0 Pa.

3.3 Detection of Weld Seam Irregularities Using Audio
Signals

Asmentioned above, axial force and audio signalwere compared to verify the general
applicability of the FSW process. However, it still needs to be shown whether it is
possible to detect weld seam irregularities by means of an analysis of the emitted
airborne sound. Therefore, a 600 mm weld seam was fabricated to investigate the



52 M. Grätzel et al.

Fig. 9 Weld seam with varying surface quality at the center and at the end

occurrence of surface irregularities such as flash formation. Figure 9 shows the weld
seam surface with varying surface conditions.

The weld seam shows varying surface conditions although constant process
settings (Fz = 8500 N, n = 1500 1/min, v = 1000 mm/min) were preset. A major
part of the weld seam shows a surface with the characteristic extrusion profile of the
material displacement during the FSW process, which is for the most part free of
irregularities (marked in green in Fig. 9). However, areas of flash formation (44–46 s)
were also observed at the end of the weld seam (marked in red in Fig. 9). The audio
signal of irregularity-free weld and flash formation is illustrated in Fig. 10a.

Due to the fact that weld seam irregularities mostly occur during the welding stage
(III), the following explanations refer to the period from 14 to 48 s. Therefore, two
selected areas are considered where a defect-free surface (30–32 s) and a surface
with flash formation (44–46 s) can be observed. In the area without weld seam
irregularities (see Fig. 10b), an almost regular audio signal was noticed (30–32 s).
The amplitudes of the sound pressure depict no significant variations. However,
the area with flash formation (see Fig. 10c) exhibits irregular audio signal with
sound pressure variations. This can be explained by deviating surface properties
(contamination, oxide layer thickness) or insufficient material homogeneity. So the
undesired interactions between tool and material, resulting in flash formation, seam
detectable.

Figure 11 shows the spectrogram of an FSW weld seam with the corresponding
recorded acoustic time signal. It can be seen that irregularities in the weld seam
show changes in the audio signal. Irregularities in the FSW process lead to frequency
fluctuations or shifts.

This further confirms that flash formations can potentially be detected by means
of acoustic measurements and analyses. However further experiments leading to a
higher amount of experimental data which are needed to verify this hypothesis.

4 Summary

In this study airborne audio signals were considered for the detection of irregulari-
ties during the FSW process. It could be shown that acoustic condition monitoring
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Fig. 10 a FSW weld seam and sound pressure. b Without weld seam irregularities and c during
flash formation

has a high potential and could be a good addition or alternative to other measure-
ment methods. The acoustic condition monitoring with airborne sound offers some
advantages, in addition to non-destructive and non-contact measurement.

In Sect. 3.1 of this study the measurement position of the microphone was inves-
tigated with varying welding directions and at various angles related to the welding
direction. This was carried out to determine a suitable position for the microphone
mounting during the FSWprocess. Then in Sect. 3.2 a comparison between the audio
signal and the acting process force Fz were carried out to detect weld seam irregu-
larities in general. Finally, in Sect. 3.3 audio emissions were used for the detection
of flash formation during the joining process. All experiments were carried out with
5 mm aluminum sheets (AA 5754-H111) and a weld seam length of up to 600 mm.
In summary, the following conclusions can be made:

– The positioning of the microphones does not require a preferred direction in front
of, behind, or to the side of the welding process. Furthermore, it was shown that
the welding direction does not affect the microphone position. This was verified
by means of the cardioid characteristic of the microphone. Thus, free mounting



54 M. Grätzel et al.

Fig. 11 a Time signal of welding seam and b corresponding spectrogram

positions of the airborne sound microphone during the FSW process could be
proven.

– The general significance of airborne sound signals was observed by an analysis
between the axial force Fz and the audio signal. It was shown that relevant FSW
process stages are detectable in the airborne sound signal. Furthermore, significant
variations in the force signal can also be detected in the audio signal.

– The FSW setup-related effects are also detectable in the airborne signal. The
transition zone between tool plunging and welding stage is detectable as well.
Thus, airborne sound can be used for an optimized process handling without
non-desirable delays between the process stages.

– Finally, the general applicability of airborne sound signals for detecting weld
seam irregularities was investigated. It was observed that the sound pressure in
the audio signal is irregular during the flash formation.Whereas an audio signal of
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a weld without flash formation depicts an approximately regular sound pressure
without variations. Thus, the observation of the amplitudes and the periodicity
of the airborne sound signal represents a promising approach for the detection of
weld seam irregularities.

5 Future Work

The application of airborne sound measurements for the detection of weld seam
irregularities in FSW requires further detailed investigation of the surface quality and
the airborne sound. This means in particular the interactions between the measured
frequencies, their intensity as well as the resulting weld seam conditions (defect-free
surfaces or surfaces with flash formations). Furthermore, the applicability for other
irregularities such as wormhole formation should be investigated in the future.

However, the most relevant challenge, particularly for industrial applications,
is the separation of background noise from the production environment, from the
joining process, and from the FSW setup. Machine learning methods and algorithms
are becoming increasingly suitable for this purpose.
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Influence of Tool Wear on Weld Quality
in Refill Friction Stir Spot Welding
of Aluminium

D. Lauterbach, D. Keil, A. Harms, M. Schulze, and K. Dilger

Abstract As reported in numerous studies, tool wear is a significant challenge in
bringing Refill Friction Stir Spot Welding (RFSSW) into series production. The
known studies investigate the influence of the welded material on the tool wear
behaviour. Approaches have been made, applying wear resistant coatings in order to
extend tool life, but have not taken into account the weld quality. This study aims on
defining quality criteria of a typical spot weld produced by RFSSW and to analyse
how they are affected by the tool wear. Therefore, two tool sets with different wear
resistant coatings are investigated, which show a different wear behaviour. In order
to characterize the weld quality, microstructural as well as mechanical properties
of the welds are considered. Cross-sections and microstructural analysis indicate
the impact of differences in temperature evolution during welding on the weld’s
microstructure. A comparison is set up between both coatings at different stages of
tool life. Additionally, parameter studies determining cross and shear tensile strength
at each stage show the variation of optimized welding parameters according to the
occurring wear mechanisms on the tool. Thus, the different frictional conditions
of the coatings over the tool life as well as the geometrical deviations of the tool
sets are considered, in order to determine their influence on the weld quality. The
results of this research help to understand the influence of frictional behavior and
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geometrical deviations of the tool on the weld quality and the mechanical properties
of the resulting weld.

Keywords Refill friction stir spot welding · Tool wear ·Wear-resistant coating ·
Weld quality

1 Introduction

The various studies on refill friction stir spot welding (RFSSW) demonstrate a wide
range of applications reaching from the fields of aviation and aerospace engineering
to the transport sector and automotive production. (Fukada et al. 2013; Goushegir
2015; Xu et al. 2018). In particular, the joint formation and microstructural as well
as mechanical properties have been addressed by several recent studies (Castro et al.
2018; Amancio-Filho et al. 2011; Cao et al. 2016; Tier et al. 2017; Camilo et al.
2014; Kubit et al. 2018; Hovanski et al. 2021). However, the minority of studies
published to date have addressed the tool wear, due to which the technology has
not reached a widespread use in a series production e.g. in the automotive industry
yet. The high tool costs combined with the limited tool life make its use unattractive
at present. Therefore, a few studies focus on investigations regarding tool life and
tool wear behavior during RFSSW. In SLV München (2010), 2.0 mm EN AW 5454
sheets were joined and two independent tool sets remained intact after a total of 9000
spot welds each. During the tests, a sodium hydroxide solution was used to clean
the tools every 600 welds, which kept the tools smooth-running and allowed the
wear conditions to be monitored. For other investigations in Montag et al. (2014),
2.0mmENAW6082 sheets areweldedwith initial turns of 70welds, later 210welds,
after which the tool was cleaned in sodium hydroxide as well. During the breaks,
the tool condition was monitored and after approximately 3100 welds, the tests were
terminated due to a worn out tool. With an increasing number of welds, an increasing
tool wear led to an increase regarding the spindle current. Therefore, a higher torque
during the process was indicated. During tool monitoring, the fastest wear occurred
on the sleeve, showing different wear rates in different areas. Especially around
2 mm above the front face of the sleeve, the diameter decreased with the highest
rate. Therefore, more and more material penetrated the tool, increasing the tool
temperature and thus enhancing the aluminium absorption, which was assumed as a
self-reinforcement of the tool wear. The most severe wear effects were observed in
Nasiri et al. (2018), as pin and sleeve glowed after only 5 welds on Lithium-alloyed
ENAW2099 sheets. Then, after a short cooling time, the tool was jammed so tightly,
that it could no longer be rotated.Microstructural changes as well as severe erosion at
the sleeve surface and chipping at the front face of pin and sleeve were detected. Own
investigations published in Lauterbach et al. (2021) show a significant improvement
of the tool wear behaviour by using wear resistant PVD coatings. During the welding
tests, the tools were operated at temperatures of up to 550 °C, which led to severe
changes regarding the mechanical and tribological properties of the coatings. A high
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hardness in combination with a high adhesive strength on CrVN coated tools led to
a significant reduction in tool wear. As both, hardness and adhesive strength, also
remained on a high level after a temperature treatment of 300 min at 600 °C, the
tool set reaches 6400 spot welds and remains intact, producing sound welds. CrVN
is a state of the art coating for casting tools, especially in the field of aluminium and
magnesium die casting. Its vanadium content forms an oxide on the surface above
approx. 550 °C, which reduces its coefficient of friction (CoF) (Paschke et al. 2010).
Cr-DLC is used as the second coating, which is known from several applications for
cutting tools. Both coatings are applied on a Cr adhesive promoting layer. The focus
of this study is to investigate the influence of the wear-related changes of the tool
regarding its geometry as well as the tribological properties on the welding quality.
For this study, the focus is to be set on the welding result. Different studies investigate
the principal properties of a joint produced by RFSSW (Castro et al. 2018; Ferreira
et al. 2020; Li et al. 2016, 2019; Chai and Wang 2019) and how they are affected by
different welding parameters. This study aims on the characterization of the welds
using similar methods and the development of quality criteria depending on the tool
properties.

2 Methods and Materials

At first, the coatings are characterized and compared according to the methodology
in (Lauterbach et al. 2021). Therefore, the geometrical, mechanical and tribological
properties are measured using standard methods. Table 1 gives an overview of the
properties and the used characterization methods. The mechanical properties hard-
ness and adhesion strength along with the coefficient of friction are determined in
the initial state of the coatings, right after the coating process, as well as after a
temperature treatment. The coated specimen are temperature treated at 600 °C for
300 min in order to simulate the temperature exposure during the operation of the
tool. The changes during the temperature exposure showed a significant influence on
the wear behaviour of each coating. The two different coatings are then each applied
on a tool set for refill friction stir spot welding.

From each tool set, pin and sleeve were PVD coated on the outside, as the inside
of the sleeve can not be reached by the sputtering process. The tools are used for

Table 1 Coating properties and methods of determination

Properties Method Standard

Coating thickness Calotte grinding DIN EN 26423

Surface roughness Confocal microscopy DIN 4760

Coating hardness Vickers hardness test DIN EN ISO 14577-1

Adhesion strength Scratch-test DIN EN ISO 20502

Coefficient of friction (Cof) Scratch-test DIN EN ISO 20502
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Table 2 Welding parameters for the tool life tests (PR = Permanent rotation)

Step Time Rotational speed (min−1) Pos. sleeve (mm) Pos. pin (mm)

0 (PR) 0.0 200 −0.300 −0.500

1 0.3 2200 0.000 0.000

2 0.2 2200 1.200 −1.173

3 0.6 2200 −0.307 0.300

4 0.2 2200 0.000 0.000

durability tests on aluminiumsheets in order to analyse their specificbehaviour during
the welding process. The welding tests are carried out on a “RPS 100” fromHarms&
WendeGmbH (Hamburg,Germany),which ismodified forwelding experimentswith
one-sided accessibility. The welding parameters were chosen from previous studies
and represent a welding programme designed for a short welding time. The short
welding time enhances the wear effects and increases the wear rates. The welding
programme is given in Table 2.

According to the table, the total welding time is 1.3 s with a plunging depth of
1.2mm.As given in the table, after plunging the sleeve, the pin penetrates thematerial
as well. This step is supposed to improve the connection between the welding zone
and the surrounding top sheet, as shown in previous parameter studies. Figure 1
shows the principle of the refill friction stir spot welding process as used in these
studies with the four process steps placing the tool on the surface (1), plunging of
the sleeve and retraction of the pin (2), retracting the sleeve and plunging the pin (3)
and finally setting both to their initial position (4), leaving an even and smooth spot
weld. The varied parameters in this study are the rotational speed of sleeve and pin
n, plunge depth PD and plunging speed of the sleeve in the second step, vplunge, as
well as the correction speed vcorr and correction depth of the pin in the third step CD.

The high plunging speed of the sleeve in combination with the short total welding
time resulted in critical welding results, as the flank connection of the spot welds was
identified as a decisive quality criterion. For the tool life tests, two different material

Clamping ring

Sleeve

Pin 1 2 3 4

Fig. 1 Schematic principle of the refill friction stir spot welding process
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Table 3 Material thickness combinations for the tool life tests

Name Upper sheet Thickness (mm) Lower sheet Thickness (mm)

MTC 1 EN AW 5083-H111 1.0 EN AW 7020-T6 2.0

MTC 2 EN AW 5083-H111 1.0 EN AW 6082-T6 1.5

thickness combinations (MTC), given in Table 2, were used. Starting with MTC 1,
20 subsequent spot welds were executed, followed by 20 spot welds with MTC 2.
The minimum distance between two welds was 75 mm in order to homogenize the
heat development of the aluminium sheets (Table 3).

In this configuration, 1600 spots were welded subsequently, before the tool was
demounted and analysed. During the welding experiments, the time between two
welds reached around 6 s, as one spot weld was started immediately after positioning
the sheets. Each 1600 spot welds, the sleeve was investigated using microscopy to
determine the aluminium penetration on the sleeve and computer tomography (CT)
for the non-destructive analysis of the cross-section. The tool wear was measured on
different spots along the thread on the sleeve, where the most severe wear occurs, as
also reported by Montag et al. (2014). Additionally, the energy consumption needed
in order to plunge the sleeve as well as the tool temperature, which is measured on
the outer surface of the clamping ring, are taken into account as process parameters.

In a further step, detailed parameter studies are carried out at intervals of 1600 spot
welds after removal of the tool and CT analysis, which are used to evaluate the spot
welds. For this purpose, design of experiments is used to create a methodology to
determine the influences of the different factors. A partial factorial test plan according
to Taguchi in the format L25 was chosen, in which the five influencing variables
rotational speed, plunge depth, plunging speed, correction speed and correction depth
were varied on five levels each. Correction speed and correction depth refer to the
speed at which the pin is plunged into the upper sheet in the third step and how
far the displacement is. Table 4 shows the parameter limits of the studies. In this
way, cross-tensile as well as shear tensile specimens were prepared and tested with
the universal testing machine Zwick 100 from Zwick/Roell (Ulm, Germany). Three
specimens are manufactured for each test type and tested at a traverse speed of
10 mm/s and the maximum force is evaluated. The parameter studies are carried out
with a material thickness combination consisting of an EN AW 6082 cover plate in
1.5 mm thickness and an EN AW 7020 base plate in a thickness of 2.0 mm. In each

Table 4 Overview of the
parameter settings for the
welding tests

Factor Minimum Maximum Step size

Rotational speed (min−1) 1400 3000 400

Plunge depth (mm) 1.4 2.0 0.15

Plunging speed (mm s−1) 1.0 5.0 1

Correction speed (mm s−1) 1.0 5.0 1

Correction depth (mm) 0.0 0.4 0.1
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case, one additional spot weld is prepared for metallographic analysis. Therefore the
welding spots were cut, grinded and polished down to 1 µm and electrochemically
etched using tetrafluoroboric acid in order to analyse the microstructure.

3 Results and Discussion

First, the results of the characterisations of the two different coatings are considered.
In particular, the hardness, adhesive strength and coefficient of friction (CoF) are
relevant for the following considerations. The three measurements are taken in the
initial state after coating, as well as after a temperature treatment at 600 °C over a
period of 300 min. Table 5 shows the results of the mechanical and tribological tests.

Each value is an average of at least five individual measurements. It can be seen
that changes occur due to the effect of temperature. At the beginning, the coating
hardnesses are 1523 HV for CrVN and 1237 HV for Cr-DLC. After temperature
treatment, there is no longer any significant difference between the two values: 30.3%
is lost in the case of CrVN, and only 12.5% in the case of Cr-DLC. In both cases, the
adhesion strength of the CrVN is significantly higher than that of the Cr-DLC, while
the decrease due to the elevated temperature is particularly high for the Cr-DLC at
61.2%. In contrast to the mechanical properties, the coefficient of friction of the two
coatings behaves in opposite directions. The vanadium in the CrVN forms an oxide
on the surface above a temperature of approx. 550 °C, which reduces its coefficient
of friction. Thus, a drop from initially 0.43–0.39 is observed in the measurements.
The Cr-DLC, on the other hand, increases its coefficient of friction from 0.38 to 0.41.
The changes in the coating properties are decisive for the investigations, as the tool
conditions change in the course of the tool life tests.

Next, the tool life tests are considered. Both tools are welded to 6400 points
according to the described procedure. Meanwhile, the process data are recorded,
of which the tool temperature on the outside of the clamping ring and the energy
required to plunge the sleeve are considered. Both measured variables are shown in
the diagrams in Fig. 2.

For the CrVN layer, after the start of the tests, there is a rapid temperature increase
from about 250 °C at the beginning to 350 °C after the first 1600 points. Thereafter,

Table 5 Results of the
mechanical and tribological
characterization of the
coatings

Value CrVN Cr-DLC

Hardness (HV) 1523 1237

Hardness after T (HV) 1062 1082

Adhesion strength (N) 163 139

Adhesion strength after T (N) 98 54

Coefficient of friction (/) 0.43 0.38

Coefficient of friction after T (/) 0.39 0.41
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Fig. 2 Process parameters during the tool life tests of CrVN (left) and Cr-DLC coating (right)

the temperature continues to rise, to approx. 400 °C after 3200 points. In the further
course, the temperature rises to a maximum of 500 °C, once briefly at 3400 P and
once steadily at approx. 5000 P. After 6027 continuous spot welds, the sleeve broke
during the process, leading to the termination of the tests with the CrVN tool. When
looking at the energy required to plunge the sleeve, a decrease can be seen. As the
tool temperature increases over the 6027 points, the energy consumption decreases
from an initial 24% to approximately 18%. The increasing tool temperature causes
the material to become steadily more plasticized. The resistance of the aluminum
against the penetration of the tool decreases, so that it is easier to plunge the sleeve.
In comparison, the Cr-DLC tool remains at a very low temperature level at the
beginning. It takes the tool around 1800 points to exceed 300 °C. At approx. 2800
welds, the global maximum of 460 °C is reached. Shortly thereafter, at approx. 3000
spot welds, the temperature drops again. Overall, the temperature of the Cr-DLC tool
is significantly higher in the second half of the tests. The energy required to move
the sleeve is globally decreasing, similar to the CrVN tool. From approx. 25% at the
beginning, it decreases to approx. 20% after 6400 spot welds.

From the process data, it can therefore be seen that the CrVN tool is exposed to
a significantly higher temperature load throughout the tool life tests. A temperature
of over 350 °C is reached shortly after the start of the tests. The Cr-DLC tool, on
the other hand, runs most of the time at a rather low temperature and only rarely and
for a short time exceeds temperatures above 350 °C; only towards the end of the test
series at 5000 points, this mark is exceeded over a longer period. Thus, the coating
properties of the two coating systems described at the beginning also change. The
CrVN starts to change its mechanical and tribological properties at an early stage. Its
hardness and adhesive strength decrease significantly. This is confirmed by the CT
images, which are shown in Fig. 3. In contrast, the Cr-DLC coated tool shows stable
behavior. The initially low and overall stable temperatures lead to no changes in the
cross-section of the tool in the first 4800 weld spots. Only in the CT scan after 4800
welding points, the first slight constrictions become visible on the lateral surface of
the sleeve. The end face, on the other hand, changes only negligibly.
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Fig. 3 CT images of CrVN (left) and Cr-DLC tool (right) after 1600, 3200 and 4800 welds

To quantify the wear, the CT scan is used to measure the diameter on the outer
surface of the thread on the first nine stages. The result of the two tools is shown in
Fig. 3. In each case, the end of the sleeve that is engaged in the workpiece is shown
on the right side. In the upper section of the two sleeves, which is not plunged into
the material, the sleeve measures 8.75 mm in diameter. In the lower five threads, on
the other hand, severe wear is already evident after 3200 spot welds, particularly in
the CrVN tool. After 4800 spot welds, the minimum diameter in the first thread is
still 8.25 mm. It is noticeable that the highest diameter on the tool is measured at
the tip. This is due to aluminum buildup, which can accumulate due to an increased
gap between the sleeve and the clamping ring. In the case of the Cr-DLC layer, no
geometric changes with respect to the outer diameter of the sleeve are discernible
over the entire 4800 spot welds. Here, too, however, buildup can be seen at the tip
of the sleeve, where aluminum adheres as a result of the process.

With each tool removal, a parameter study is welded in addition to the CT analysis
to investigate theweld quality as well as thewelding behavior of the tools. The results
of themechanical investigations show that the parameter sets for soundwelds in terms
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Fig. 4 Outer diameter of each sleeve after 1600, 3200 and 4800 spot welds

of cross and shear tensile strength vary due to changes of the tools. The Cr-DLC tool
shows only very slight changes overall, and the welding results are therefore very
constant. The results reached up to 9.22 kN regarding the ultimate lap shear strength
and 4.32 kN in cross tensile strength. With the CrVN layer, however, significant
changes can be recognized. Figure 4 shows the results of the first parameter study
in the initial state of the tool and after 1600, 3200 and 4800 welding points as a
contour plot. The rotational speed is given on the x-axis and the plunge speed on the
y-axis. The cross and shear tensile strength are color-coded. A dark blue represents
a low force, while dark green represents the highest strengths. In the first picture,
it can be seen that the welding windows for good cross and shear tensile strengths
approximately coincide (Fig. 5).

In shear tensile tests, strengths between 3.3 kN at high rotational speeds and
high plunge speeds are achieved and up to 8.2 kN at low rotational speed and high
plunge speed. The cross tensile strengths are analogously between 0.7 and 4.2 kN
in the same parameter windows. In the range of medium plunge speeds, areas with
low strengths exist over the complete range of plunging speeds of the sleeve. For
the further analyses of joint formation, experiment 10 is selected as a representative
welding parameter, which is welded at a rotational speed of 1800min−1 with a plunge
depth of 2.0 mm, a plunge speed of 2 mm s−1 and no correction depth (0.00 mm).
In the initial condition, this exhibits low values in cross and shear tensile tests. After
3200 spot welds, the maximum and minimum values barely change, but the welding
ranges where they are reached change. The shear tensile strength has become much
more stable, there is no longer a range with forces below 5 kN. In terms of cross
tensile strength, however, there are still larger areas with weak welds. Thus, test 10
still achieves a low head tensile strength, but the shear tensile strength increases
significantly.

Finally, after 4800 points, a split of the welding window is shown with regard to
the cross tensile force. Above a speed of 2200 min−1 no higher forces than 2.0 kN
are reached. Below that, at least 2.5 kN are achieved with each plunge speed. After
a very stable and homogeneous picture at 3200 spot welds, the shear tensile force
exhibits a steep sink in the range of 2600 min−1 at a plunge speed of 2.0 mm s−1,
where only very low forces below 1 kN are reached. Experiment 10 leads to good
results in both loading modes. Figure 6 shows the cross-sections of experiment 10
in the initial state of the CrVN tool, after 3200 as well as after 4800 welds. Defects
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Fig. 5 ULSS and CTS results of the parameter studies with the CrVN tool after tool life tests

are already evident, which are indicative of the respective results in boths lap shear
and cross-tensile test. In the initial state, the spot weld shows a refilling defect. The
surface of the spot is not smooth or even. The joint between the stirred zone and
the surrounding cover plate is interrupted with a gap and stronger air inclusions can
be seen at the outer corner in the boundary area of the two plates. Below the stirred
zone, the thermomechanically affected zone (TMAZ) can be seen extending semi-
circularly downward. At the edges of the weld spot, the depth is not pronounced.
After 3200 points, the spot surface is smooth. The air inclusions in the parting line
are significantly reduced, which indicates improved shear tensile strength. However,
a gap can still be seen between the surrounding top sheet and the stirred zone, which
limits the cross tensile strength. The TMAZ goes down steeply at the edges and is
limited almost horizontally thereafter. Finally, no defects can be seen in the final
micrograph after 4800 spot welds. Cross and shear tensile strength are both in a
good range and are on a high level in comparison. Here, too, a horizontal parting line
between the TMAZ and base material can be found.



Influence of Tool Wear on Weld Quality in Refill Friction Stir Spot … 67

V10 ULSS: 4,45 kN CTS: 1,61 kN

In
iti
al

32
00

w
el
ds

48
00

w
el
ds

V10 ULSS: 8,10 kN CTS: 2,05 kN

V10 ULSS: 8,24 kN CTS: 3,82 kN

Fig. 6 Cross-section of experiment 10 at the initial state of the tool and after 3200 and 4800 welds

4 Conclusions

The present study could show the influence of the tool properties on the welding
result during RFSSW of dissimilar aluminium welds. The results can be concluded
as:

– Both coatings, CrVN and Cr-DLC reduced the tool wear, helping the tools reach
higher amounts of spot welds than conventional, uncoated tools. For this study,
the tool life tests up to 4800 spot welds with each tool are taken into account.
At this point, both tools were still intact, the CrVN tool failed after 6027 welds
during the tool life tests. The Cr-DLC tool reached 6400 spot welds and remained
intact.

– Parameter studies were carried out, leading to ultimate lap shear strengths of
up to 9.27 kN and cross-tension strengths reaching up to 5.72 kN with the CrVN
coating. The Cr-DLC coated tool reached 9.22 kN and 5.32 kN accordingly. These
values were reached, after both tools were at 3200 spot welds during the tool life
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tests. The parameter studies in the initial state of the tools lead to lower results
with more severe defects.

– The CrVN coated tool broke after 6027 welds during the tool life tests, as the
wear had progressed to a severe level. The Cr-DLC coating lead to a better wear
protection, resulting in an intact tool after 6400 spot welds. However, the signifi-
cant temperature exposure during the welding tests resulted in a severe material
loss on the outside of the sleeve.

– The welding quality of the Cr-DLC coated tool showed only minor changes.
Over the total amount of 6400 spot welds, sound joints could be manufactured.
In contrast, the CrVN coated tool showed a significant reduction of the welding
quality, which was reflected in the cross-sections as well as in the mechanical
results of the tests.
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Effect of Welding Parameters
on Mechanical Properties of Dissimilar
Friction Stir Lap Welds of AA5052
and AISI 1010

L. N. Tufaro and H. G. Svoboda

Abstract Friction stir lap welding (FSLW) is a solid-state welding process which
allows joining of similar and dissimilar materials. Welding of dissimilar materials
involving aluminiumalloys and steels are a current requirement for several industries,
mainly for automotive and transportation. Al/steel joints presents several challenges,
due to its different physical properties and the formation of intermetallic compounds.
FSLW is a particularly interesting welding technique for these joints, especially for
thin sheets. Nevertheless, there is lack of information about its application. The
welding parameters affect the microstructural evolution, the material flow, defects
level, distortions, etc. The aim of this work is to analyse the effect of the travel
speed on the mechanical properties of friction stir lap welds of AA5052 aluminium
alloy and AISI 1010 low carbon steel in thin sheets (1 and 0.8 mm, respectively).
Dissimilar friction stir lap welds of these materials were produced using a tool made
of H13 tool steel. Diverse travel speeds were analysed (98, 146 and 206 mm/min).
Macrostructure examination, microhardness profiles and maps were performed in
the weld cross section. Lap shear tests were conducted, and the fracture surfaces of
tested samples were analysed. The maximum load per width unit increased linearly
with travel speed, reaching 190N/mm and a joint efficiency of 73%, and is controlled
by the amount of steel inclusions in the aluminium plate through, which decreases
with travel speed.

Keywords Friction stir lap welding (FSLW) · Al to steel dissimilar joints · Travel
speed · Hook · Steel inclusions
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1 Introduction

Dissimilar joints are widely used in multi-materials structures and thin sheet overlap
Aluminium to Steel joints are especially relevant in automotive industry.

Friction stir lap welding (FSLW) is a solid-state welding process which allows
joining similar and dissimilar materials. The capability of FSLW for the joining
of dissimilar material, such as aluminium and steel, lies in the low heat input that
minimize the extent of intermetallic compound (IMC) formation during the welding
process (Kumar et al. 2015; Kar et al. 2020; Sorger et al. 2017).

In friction stir welding (FSW) of steels, the most common tool materials are WC
and PCBN (Mishra and Mahoney 2007), although it was reported that tool steel can
be used in FSLW of Al to Steel joints when the steel is place in the bottom of the
joint and the tool pin plunge in the steel is null or low (Chen et al. 2013; Kumar et al.
2015). The level of interaction between the pin and the steel sheet will affect the tool
life as well as the mixing between aluminium and steel. It was reported that a slight
pin penetration in the steel plate (PP) of 0.1 mm has not produced a significant wear
of the pin (Chen et al. 2013; Kumar et al. 2015). Other authors also have used some
degree of pin plunge for this type of joint (Coelho et al. 2008; Elrefaey et al. 2005;
Kar et al. 2020; Kimapong andWatanabe 2005a, b; Movahedi et al. 2011, 2012;Wan
and Huang 2017).

The pin plunge into the steel sheet led to the formation of a steel hook within
the aluminium alloy. This hook can affect the mechanical properties of the welded
joint. Two geometrical effects can be pointed out related to the hook formation. One
is related to the reduction in the effective thickness of the aluminium alloy sheet
(Sorger et al. 2017). Other authors have reported some beneficial effect related to
the mechanical locking produced by the steel flow into the Al sheet (Movahedi et al.
2011, 2012).

In general, it seems that some degree of interaction between the pin and the steel
sheet is needed to perform the FSLW of aluminium to steel Nevertheless, Chen et al.
(2013) have reported that the optimal condition corresponds with a null PP but with
the pin close to the steel plate in order to produce a continued interface intermetallic
layer which is the condition for a continued metallurgical bonding.

Themechanical properties of this type of joints are a key aspect for its application.
Lap shear test is usually used to evaluate the strength and integrity of the joint.
The fracture mode in this test depends on the aluminium/steel interface integrity
and local materials strengths and thicknesses. The fracture can produce through
the aluminium/steel interface in a shear mode (Chen et al. 2013, Kar et al. 2020,
Kimapong andWatanabe 2005a, b, Movahedi et al. 2011, Movahedi et al. 2012, Wan
and Huang 2017), or through the thickness of one of the base materials in a tensile
mode (Coelho et al. 2008; Kimapong and Watanabe 2005a; Movahedi et al. 2011,
2012). For the first fracture type, it was found that an increase in travel speed (U)
and a decrease in rotational speed (ω) produce a reduction of the heat input, resulting
in a thinner IMC layer and in a higher a fracture load (Kimapong and Watanabe
2005a; Wan and Huang 2017). Kimapong and Watanabe reported that a variation in
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ω can change the fracture mode, obtaining a fracture located in the aluminium for
lower ω with higher fracture loads, while the fracture was located at the interface for
higherω, with lower loads. They also reported that an excessively high U produces a
joint with incompletely welded interface, reducing the fracture load (Kimapong and
Watanabe 2005a, b).

Movahedi et al. found that a variation inU can also change the fracturemode. They
obtained jointswith cavities at the interface for higherU, resulting in a fracture located
in the interface with lower fracture loads, while defect free joints were produced for
lower U, presenting a fracture at the steel sheet with higher fracture loads (Movahedi
et al. 2011, 2012).

The effect of other welding parameters was also analysed. An increase in PP, pin
diameter and tool tilt angle produce a reduction in fracture load, which is related
with the IMC layer thickness at the interface and defect generation (Kimapong and
Watanabe 2005a, b). Not only the thickness of the IMC layer affects the fracture
load, but it was also found that grain refinement of the IMC layer highly enhances
the joint strength by increasing the fracture toughness of the brittle IMC layer (Beygi
et al. 2021).

Coelho et al. (2008) studied FSLWofAA6181-T4 alloy andHC340LA, obtaining
a fracture through the aluminium sheet thickness, suggesting that the amount and
the size of the steel inclusions in the Al sheet apparently determine the mechanical
properties of the joint.

Despite that FSLW of dissimilar joints of aluminium and steel was subject of
different works in the last years, there is still a lack of comprehension of the effect of
welding conditions and tool geometries on the mechanical behaviour of the joints,
especially for thin sheets.

The objectives of this work were to develop a welding procedure for dissimilar
AA5052-H32 aluminium alloy and AISI 1010 carbon steel by FSLW in thin sheets
and to analyse the effect of the travel speed on the mechanical strength of friction
stir lap welds of AA5052 and AISI 1010.

2 Materials and Methods

Dissimilar lap welds of AA5052-H32 and AISI 1010 in thin sheets of 1 mm and
0.8 mm thickness (t), respectively, were produced by FSLW. Table 1 presents the
mechanical properties of base materials used in this work.

Table 1 Mechanical properties of base materials

Material HV (0.3 kg) σ0,2 (MPa) σUTS (MPa) e (%)

AA5052-H32 65 205 260 13.5

AISI 1010 95a 180a 320a 28a

aMinimum values
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Fig. 1 Scheme of FSLW process

The test coupons were formed by samples of each sheet of 50 mm width and
125 mm long, overlapped 25 mm, as it is shown in Fig. 1. AA5052-H32 was located
as the upper sheet, in the advancing side (AS), while AISI 1010 steel sheet was
located as the lower one, in the retreating side (RS).

The tool wasmade of H13 tool steel with a concave shoulder of 12mm in diameter
and a tapered pin, with major minor diameters of 6.2 and 5.7 mm, respectively. The
pin length (LP) was 1 mm like the aluminium alloy plate t, in order to obtain a pin
penetration (PP) in the steel plate similar to the shoulder plunge depth (PDS). The
rotational speed was 680 rpm and different travel speeds (U) were analysed: 98, 146
and 206 mm/min, using this parameter for the sample identification. The tilt angle
was 1.5° and the shoulder plunge depth was of the nominally of 0.1 mm.

Cross sections of welded samples were prepared for metallographic observation.
Macrostructure examinationwas performed in order to analyse thematerialmixing at
the aluminium/steel interface and for themeasurement of dimensional characteristics
of the joints (Fig. 2): welding nugget thickness corresponding to the Al sheet (tWN)
and hook position from the weld centreline (PHook).

The resulting underfill (h) was calculated as the difference between the WN and
the parent material (PM) thicknesses (h= t− tWN). Dimensional aspects specified on
ISO 25392 were verify in order to analyse the qualification of the welding procedure
(ISO 25239-4: 2011).

Vickers microhardness profiles (HV) were carry out along the mid-thickness line
of the aluminium alloy plate with a spacing of 0.60mm.Also, Vickers microhardness
maps (HV0.1) were performed in the aluminium plate at the hook region. The maps
were centred in the mid thickness of the PM, with a horizontal and vertical spacing

Fig. 2 Scheme of joint dimensional characteristics
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Fig. 3 Scheme of Vickers microhardness measurement locations for profiles and maps

between indentations of 0.30 mm. A scheme of the Vickers microhardness profile
and map locations is shown in Fig. 3.

Two specimens from each welding condition were extracted to perform lap shear
tests. Load–displacement curves were recorded obtaining the maximum load per
width unit (Pmax/w) for each case. On tested samples of each condition, longitu-
dinal sections were prepared to microstructural examination in order to analyse the
fracture location and path. Also, the fracture surface of the specimens was analysed
with scanning electronmicroscopy (SEM) and energy dispersive X-ray spectrometry
(EDS).

3 Results and Discussions

Figure 4 shows the macrographs of the weld cross section for the different welding
conditions. For all cases, interaction between the aluminium and the steel was
obtained. It canbe seen agood aluminium/steel interface appearancewithout showing
voids or other macrographic defects.

Geometric characteristics determined are shown in Table 2. The tWN was of the
order of 0.9 mm, related with an h of 0.1 mm, although for the 146mm/min condition
the tWN was slightly lower. Despite of that, all the joints satisfy the acceptance limit
for the underfill of the ISO 25239, which is 0.15 mm for 1 mm thickness plates (ISO
25239-4: 2011). The PHook and the extension of the aluminium/steel interface were
decreased with U. The PHook is indicated with an arrow in the macrographs (Fig. 4).

Steel inclusions (SI) are observed embedded into the aluminium plate, mainly
located at the hook region. The amount of SI also decreased with U. Even though
the pin penetration in the steel plate has a significant impact in the material flow at
the interface, the slightly variations in the pin penetration (related with the underfill)
do not explain the observed changes in the material flow. In this sense, the changes
in material flow can be related with the U.

From the macroscopic examination it could be said that the developed procedure
showed to be adequate to achieve a suitable material mixing and could be qualify
under ISO 25239, considering this standard is developed for aluminium alloys (ISO
25239–4: 2011).

Vickersmicrohardness profiles in theAA5052 for the threewelding conditions are
shown inFig. 5with a schematic of aweld cross section to associate the corresponding
position into the weld joint.
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a.

b.

c.

Fig. 4 Macrographs of weld cross section: a. 98, b. 146, c. 206

Table 2 WN geometric
characteristics

U (mm/min) tWN (mm) h (mm) PHook (mm)

98 0.89 0.11 3.06

146 0.86 0.14 2.61

206 0.91 0.09 2.05

The AA5052 is a work hardened aluminium alloy with an average hardness of
75 HV0.3. In the HAZ it can be seen a reduction in the hardness, which is related
to the recovery and recrystallization due the thermal cycle experimented during the
welding process. This behaviour has been reported for work hardened aluminium
alloys welded by FSW (Mishra and Mahoney 2007). The hardness in the WN is
relatively uniform with an average value of the order of 65 HV0.3, similar to the
obtained at the high temperature HAZ. Nevertheless, for the lower U (98 mm/min),
local values over the average WN hardness were measured, which were associated
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Fig. 5 Vickers
microhardness profiles

to the SI in the Al sheet. In general, there is no significant variations of the hardness
profiles with U.

Vickers microhardness maps performed in the AA5052 at the hook region for the
three welding conditions, with a black andwhite image of themacrograph displaying
the SI distribution in the aluminium alloy sheet, are shown in Fig. 6. The nodes of

Fig. 6 Vickers
microhardness maps
(HV0.1): a 98, b 146, c 206
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Fig. 7 Curves Load per
width unit (P/w) -
Displacement (�l) of lap
shear tests for different U

the grid of the maps are associated with the measurement positions.
The hardness maps show values from 65 to 85 HV0.1, approximately corre-

sponding to the Al alloy. The uniformity of the hardness in the analysed zone
increased with U. The hardness peaks measured are related with the zones adja-
cent to the SI. In this sense, although thermal softening of the Al alloy could increase
as U decreases, the presence of higher amounts of SI could explain the increase
in hardness at the hook zone for lower U. For higher U the amount and size of SI
decrease, explaining the higher uniformity of the hardness measured and the lower
values obtained.

In Fig. 7 the Load per width unit-Displacement curves obtained from the lap
shear tests are shown. The maximum load as well as the displacement at maximum
load increased with travel speed. Consequently, the total area under the curve also
increased with U. It can be seen the low dispersion between both test samples for
each condition.

The plot of Pmax/w vs. U as well as the equivalent joint efficiency (Ef), considering
the tensile strength of the AA 5052-H32, is shown in Fig. 8.

Pmax/w increased linearly with U, reaching an average value of 190 N/mm (for
206 mm/min). The linear correlation obtained shows a good agreement (R2 = 0.96).
The Ef increased from 55% up to 73% for 206 mm/min. This maximum Ef reached
resulted higher than the reported ones for FSLWof dissimilar joints of work hardened
aluminium alloy and steel (Sorger et al. 2017), representing a very promising result.

Pmax/w, fracture location and mode are defined by the aluminium/steel interface
integrity, local materials strengths (microhardness) and joint dimensions (local thick-
nesses). In all the cases, the fracture was located in the WN of the aluminium plate,
presenting a tensile fracture mode, as can be seen in Fig. 9. Therefore, the strength
of the interface between both plates was higher than de strength of the aluminium
plate at the WN.

Pmax/w for the U of 146 mm/min was below the obtained linear tendency showed
in Fig. 8. This fact could be related with the slightly lower measured tWN for this
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Fig. 8 Maximum load per
width unit (Pmax/w) and joint
efficiency (Ef) versus travel
speed (U)

Fig. 9 Fractured lap shear
test specimens: a 98, b 146,
c 206

a.

b.

c.

condition (Table 2). Despite of that, there is no significant effect of the tWN of the
AA5052 plate.

The hardness in the fracture location does not exhibit major variations with U,
regardless the effect of the SI presence in the aluminium plate. Therefore, the Pmax/w
improvement with increasing U would be controlled by another phenomenon. In
Fig. 10 are shown the macro and micrographs of lap shear test specimens, with and
without etching.
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Fig. 10 Macro and micrographs of lap shear test specimens: a 98, b 146, c 206

For all welding conditions, the fracture initiates at the hook position (PHook),
which is indicated with an arrow in the micrographs. It was reported previously the
hook reduces locally the tWN of the aluminium plate, promoting the fracture in this
position (Sorger et al. 2017). Additionally, the fracture path is associated to the SI
in the aluminium plate, which are located mainly in the hook region. As can be seen
in Fig. 9a, b, the fracture propagated partially through the aluminium/SI interface,
probably due to the presence of the brittle intermetallic compound (IMC) (Chen et al.
2013; Sorger et al. 2017).

For the higherU, lower amounts of SIwere in the fracture path (Fig. 9c). Therefore,
Pmax/w would be controlled by the amount of SI in the aluminium sheet at the hook
region in the tWN, which decreasedwith the increase of U, producing an improvement
in Pmax/w. This lower amount of SI is associated to the lower interaction between the
tool pin and the steel sheet, which is also affected by h. For this reason, the sample
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of 146 mm/min, which has a higher h, showed a higher interaction and steel flow
into Al sheet, with a consequently lower fracture load.

Related to the Ef, it must be considered that the thinning produced et al. sheet in
the WN due to h and also by the hook affect the maximum value of Ef that it could
be reached. This is especially relevant in thin sheets.

Figure 11 shows SEM images and EDS maps of Al and Fe of the fracture surface
of the fractured lap shear test specimen for 146 mm/min.

The fracture surface shows two zones with different appearance (Fig. 11a). The
upper zone presented a ductile fracture showing dimples with plastic deformation
in shear (Fig. 11b) and only aluminium was detected on it (Fig. 11d). The lower
zone presented a more brittle fracture (Fig. 11c) and both Fe and Al detected on it
(Fig. 11e). The presence of both elements confirms that this zone corresponds to a
SI.

This observation is consistent with what was observed previously, associated to
the fracture path, confirming it follows the SI. Probably, the brittle fracture surface is
associated to the IMC layer in the aluminium/steel interface between the aluminium
matrix and the SI. Similar fractographies were obtained by Chen et al. (2013) for
FSLW of dissimilar joints of aluminium alloy and steel (Chen et al. 2013).

Fig. 11 SEM images and EDS mapping of Al and Fe of the fracture surface of the fractured lap
shear test specimen for 146 mm/min
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4 Conclusions

The effect of travel speed onmechanical properties and failure mechanism in dissim-
ilar friction stir lapwelding ofAA5052-H32 andAISI 1010 in thin plates of 1mmand
0.8 mm, respectively, was studied. The developed procedure showed to be adequate
and could be qualify under ISO 25239, considering the scope of this standard.

Interaction between aluminium and steel was observed in the welding nugget,
with the presence of steel inclusions in the aluminium welding nugget, especially in
the hook zone, which decreased with travel speed. These steel inclusions increased
the hardness of the AA5052 in the hook zone.

In lap shear test, interface showed a good integrity for all welding conditions. A
tensile fracture mechanism was observed in all cases and the fracture was located
at the PHook. Maximum load per unit width increased linearly with travel speed,
reaching 73% of the tensile strength of the AA5052-H32 (for 206 mm/min).

On the fracture surface of tested samples there were identify two zones, one with
a ductile fracture associated to the Al matrix, and the second with presence of Al and
Fe, associated to the SI.

Steel inclusions in the welding nugget of the AA5052 controlled the fracture
location, path and the maximum load per unit width.

To optimize the fracture load in this type of joints, the interaction between Al
and Steel has to be high enough to produce an interface with good integrity but low
enough to minimize the steel inclusions into the Al sheet thickness. This balance will
lead to reach the maximum joint efficiency.
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Nickel-Iron-Alloy Modification
to Enhance Additively Welded
Microstructure for Subsequent Milling

A. Eissel, L. Engelking, K. Treutler, D. Schroepfer, V. Wesling,
and T. Kannengiesser

Abstract The aerospace industry uses nickel–iron alloys, e.g., FeNi36, to create
moulding tools for composite materials, since these alloys have a low coefficient
of thermal expansion. Nickel–iron alloys are hard-to-cut materials. The moulding
tools are large in size and involve complex structures, making them cost-intensive
and difficult to manufacture. Thus, the focus is set on additive manufacturing,
which can additionally enable the repair of components in order to eliminate local
defects. However, the process usually results in a heterogeneous microstructure and
anisotropic mechanical properties. As there is a high demand for a precise and
exact fit of the precision moulds and the surface quality, the welded components
must be subsequently machined. Additionally, inhomogeneous microstructure may
lead to unstable cutting forces and conditions. Consequently, a modification of the
microstructure morphology is achieved through specific alloy modifications in order
to stabilise and improve the subsequent machining process. Therefore, titanium and
zirconium are chosen as modification elements with a maximum 1% weight percent
and are added to nickel–iron alloy powder. The elements are alloyed, and build-up
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welded by plasma-transferred-arcwelding. The resultingmicrostructuremorphology
of the welded wall structure and the machining properties are then determined. It can
be shown that titanium has a significant effect on the structural morphology of the
welded layers, as well as on the machining.

Keywords Modification of structural morphology · FeNi36 (Invar) · Plasma
transferred arc welding · Ultrasonic-assisted milling

1 Introduction

Since the Swiss physicist Charles Édouard Guillaume developed the FeNi36 alloy
in 1897, this alloy has become a major field of research. In particular the aerospace
industry pushed it in the mid-1980s, as nickel–iron alloys were used for molding
tools for composites (Sahoo and Medicherla 2021; Salgueiriño-Maceira et al. 2006).
Fe–Ni alloys with a nickel concentration of 36% and a face-centred cubic structure
have a remarkably low thermal expansion coefficient of 1.7–2.0 × 10–6 K−1, even
at higher temperatures—known as the invar effect (Salgueiriño-Maceira et al. 2006;
Berns and Theisen 2008; Lagarec et al. 2001)—and are therefore ideal such applica-
tions. The required laminating tools made of FeNi36 for composites production can
be up to 12 m in length and are quiet heavy in weight. The focus is on length and size
stabilization even at the higher temperatures in the autoclave moulding. On the one
hand, the aim is to build more complex structures and, on the other hand, to repair the
components in order to eliminate local defects. For this purpose, additive manufac-
turing is especially useful. Additively manufactured components exhibit a hetero-
geneous microstructure and anisotropic mechanical properties (Guévenoux et al.
2020). Nickel–iron alloys are difficult to machine (Zheng et al. 2015) and an inho-
mogeneous microstructure also leads to unstable cutting forces. The manufactured
components additionally require subsequent surface finishing because of precise
aerodynamic surfaces and an exact fit and thus a high surface integrity. In general,
metals aremachinedwith geometrically defined cutting edges, i.e. turning andmilling
(Schroepfer et al. 2021). Surface integrity is a key requirement for safety-relevant
components and is a complex interaction between topographic (surface defects),
metallurgical (microstructural alterations) and mechanical (residual stresses) effects
(Ulutan and Ozel 2011). With the use of hybrid machining processes, such as
ultrasonic-assisted milling (USAM), a significant improvement in surface integrity
can be achieved. In the USAM process, the conventional milling process is super-
imposed with a high-frequency vibration. Rinck et al. achieved for the USAM of
Ti–6Al–4V besides a significant reduction of the cutting forces an increased surface
integrity compared to the conventional milling process (Rinck et al. 2020). Ni et al.
also reported a reduction in the cutting forces of the USAM compared to the conven-
tional milling process for the same material. In addition, the authors found a signif-
icant improvement in machining defects and a reduction in surface roughness (Ni
et al. 2018).
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Within a research project (IGF No. 20.979N) an approach is investigated, with
which the microstructure morphology by specific alloy modifications is influenced
in order to stabilize and improve the subsequent machining process. Studies on the
refinement of FeNi36 alloys on vacuum arc melting furnaces are used as a starting
point (Chen et al. 2019; Sui et al. 2019; Yu et al. 2013; Abbasi et al. 2015). Therefore,
titanium and zirconiumwere selected asmodification elements withmaximum 1wt.-
% and are added to nickel–iron base alloy. These elements have shown a refinement
of the morphology structure in recent studies of other superalloys, e.g., Co-Cr alloy
(Eissel et al. 2021). The elements are alloyed, and build-up welded by using plasma-
transferred-arcwelding. The resultingmicrostructuremorphology of theweldedwall
structure and the machining properties are then determined. The aim of the investi-
gation is the analysis of potential positive effects due to the altered microstructure
for the subsequent conventional and ultrasonic-assisted machining processes.

2 Materials and Methods

2.1 Experimental Setup

FeNi36 initial alloy and the two modifications with 1% titanium and 1% zirco-
nium were mixed and homogenised using a 3D shaking mixer TURBULA®

by rotational and translational movements and inversion. The titanium powder
was provided by Corodur Fülldraht GmbH. All other powders for the respective
elements were obtained from the company ECKART GmbH. Plasma-Transferred-
Arc (PTA)was used for the welding experiments, using a welding system byHettiger
Schweißtechnik GmbH. A sandblasted sheet with almost identical chemical compo-
sition to FeNi36 was selected as the substrate plate in order to minimize the accumu-
lation of foreign elements. An analysis of the substrate plate was determined using
spark spectrometry. The chemical composition of the welding powder used for the
initial alloy and modifications, as well as the substrate sheet, is listed in the Table 1.

A wall structure of dimensions (50 (length) × 50 (width) × 18 (height)) mm3

was welded for the microstructure and hardness measurements as well as for the
machining investigations, cf. Fig. 1. In this process, the alloy systems are always

Table 1 Chemical composition of welding powder and substrate sheet in wt.-%

Fe Ni Ti Zr Mn Si

FeNi36 63 36 – – – –

FeNi36 + 1% Ti 63 36 1 – – –

FeNi36 + 1% Zr 63 36 – 1 – –

Substrate ~ 62.63 36.55 – – 0.39 0.1
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Fig. 1 Plasma transferred-arc (left) and FeNi36 wall structure via PTA (right)

Table 2 Welding process influencing variables

Welding
gas

Welding
current (A)

Welding
voltage (V)

Welding
speed
(cm/min)

Width of
pendulum
(mm)

Intermediate
layer
temperature
(°C)

FeNi36 Ar 4.6 180 21 20 18 120

FeNi36 +
1% Ti

Ar 4.6 220 21 20 18 120

FeNi36 +
1% Zr

Ar 4.6 200 21 20 18 120

applied one layer on top of the other in one direction and the specified width is
achieved by a pendulum motion of the torch.

The interlayer temperature was 120 °C and all specimens were weldedwith argon.
Anargonatmospherewas also applied in the arc and inductionmelting furnace studies
(Chen et al. 2019; Abbasi et al. 2015). The welding current varies depending on the
modification and is listed in Table 2, as well as the other welding process influencing
variables.

2.2 Metallurgical Analysis and Hardness Measurements

For the metallographic analyses and the hardness measurement, a cross-sectional
specimenplateletwere eroded from thewall structure. The cross-sectionwere divided
into three parts, upper, middle and lower layers. The specimens were embedded,
ground and polished. Cold adler was used as etchant for the specimen for approx.
5 s. The Leica CRT 6 LED light microscope was used for light microscopic imaging.
Afterwards, the grain boundaries were evaluated with the software IMS Client
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by Imagic Bildverarbeitung AG. Chemical composition was identified by energy
dispersive X-ray spectroscopy (EDX) analysis on a Cambridge Series 4 CamScan.

For a more precise microstructural analysis, two hardness measurements were
carried out using the DuroScan G5 series hardness testing machine. Hardness
measurements with HV 0.2 were made centrally over the entire specimen cross-
section. Additionally, five measurements with HV 10 at different locations of the
cross-section, four at the edge region of the specimen and one in the centre of the
cross-section, were made.

2.3 Machining Experiments

Machining experiments without lubrication were carried out in down milling mode
on a 5-axis machining center (DMU 65 by DMG MORI) modified for ultrasonic-
assistedmilling in order to investigate the influence of themodification of the FeNi36
initial alloy on subsequent finishing milling conditions. In USAM, the tool oscil-
lates in the ultrasonic frequency range in the axial direction with an amplitude of
<10 µm. The milling tool for the experiments was a PVD-coated (TiAIN/TiSiN-
based) solid carbide ball end mill with a diameter of 6 mm and four flutes (byWOLF
Werkzeugtechnik GmbH). The machinability of the FeNi36 initial alloy and the
two modifications with 1% Ti and 1% Zr was investigated. The experimental setup
is shown in Fig. 2a. The extraction of machining specimens from the AM walls
was accomplished by electrical discharge machining (EDM) in as welded condition
with dimensions of approx. 16 mm × 16 mm × 2 mm (length × width × height),
cf. Fig. 2b. Table 3 shows the applied milling parameters. The tests were carried out
with andwithout ultrasonic-assistance for each alloymodification and both processes
were performed with onemilling tool, resulting in six milling parameter andmaterial
combinations and two milling tools for the tests.

Fig. 2 a Experimental setup, b the exemplary sampling and the specimen dimensions
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Table 3 Experimental data
for machining analyses

Cutting speed
vc = 30 m/min

Feed rate
f z = 0.07 mm/tooth

Ultrasonic assistance
PUS = 0% and 100%

Angle in
x-direction
λ = 45°

Step over
ap = 0.3 mm

Ultrasonic frequency
FUS = 38.34 kHz

Angle in
y-direction
τ = 45°

Cutting engagement
ae = 0.3 mm

Amplitude
u� = 0.368 µm

2.3.1 Temperature Analysis

An in-situ measurement of the temperature of the tool cutting (as the cutting edge
passes through the air at the reversal point of the tool revolution) was realized using
a high-speed pyrometer (KGA 740 by KLEIBER), cf. Fig. 2a.

2.3.2 Surface Analysis

In addition, roughness measurements were carried out using a contact profilometer
tester (HOMMEL-ETAMIC T1000 by JENOPTIK) and the arithmetic mean rough-
ness Ra was determined in accordance with the DIN EN ISO 4287 standard normal
to the feed direction (DIN EN ISO 4287 2010). Furthermore, images of the finish
milled surfaces were taken using a light microscope (VHX-7000 by KEYENCE).

3 Results and Discussion

3.1 Microstructure and EDX Analysis

Figure 3 shows the structure of themicrostructural morphologies based on themiddle
layers of the initial alloy and the modifications. The structure is dominated by large
vertical columnar grains of austenite growing almost parallel to the build-updirection.
A directional solidified structure occurs as a result of rapid solidification.

The PTA weld of the initial FeNi36 alloy exhibits oxides and oxide bands formed
in the contact zone between the layers indicated by dark grey particles, see Fig. 4,
with diameters between 45 and 80µm.The oxides are etched out by chemical erosion
using adler etchant and can be seen as pores in the image. It is assumed that oxide
formation is due to the large surface area of the powder. The welding process then
causes these to accumulate at the contact zones.

Cellular grains are developed in the area of the contact zone and the pores. Further-
more, finely distributed smaller pores can be identified in all austenite grains. These
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Fig. 3 Microstructure of (1) FeNi36, (2) FeNi36 + 1% Ti, (3) FeNi36 + 1% Zr in 100 ×
magnification (a) and 500 × magnification (b)

Fig. 4 Oxide bands in contact zone—a before etching and b after etching



92 A. Eissel et al.

Fig. 5 EDX analysis of occuring precipitations—a FeNi36, b FeNi36 + 1% Zr

varies between 1 and 4 µm in diameter. The EDX point measurement analysis indi-
cates that the smaller pores are precipitates with silicon, see measurement EDX01
(Fig. 5a). In both modifications of FeNi36, the grains increase in extend, and cellular
grains are no longer formed in the contact zone of the layers. Less large oxides
develop between the layer, and if they form a confining of the edge areas is obvious.
Here further precipitations occur which were formed by the modifying elements, as
can be seen in the example of EDX analysis of FeNi36 + 1% Zr (Fig. 5b).

The average chord length of the grains of the initial alloy increases for the upper
layers compared to the lower layers. The grain elongation behaves inversely and is
reduced for the upper layers in comparison to the lower layers. The modifications
show similar behaviour in average chord length. For FeNi36 + 1% Ti the chord
length is approx. 200 µm and for FeNi36 + 1% Zr approx. 300 µm longer than the
initial alloy. The grain elongation of the modifications behaves contrary compared
to the initial alloy, showing an increase for the upper layers of 35.2% for FeNi36 +
1% Ti and of 32.4% for FeNi36 + 1% Zr, cf. Fig. 6. Hence, there is no refinement
of the microstructure in the upper layers, but an increase in grain size.

The EDX surface analysis of the upper and middle layers is shown in Table 4.
The titanium and zirconium contents are significantly below the powder mixture. It
is assumed that large amounts of the modifiers are burning off during the welding
process.

3.2 Hardness Measurements

The hardness measurements with HV 0.2 over the cross-section of the sample are
shown by means of mathematically smoothed curves, Fig. 7. The hardness measure-
ments of the FeNi36 initial alloy and the modifications with 1% have a fairly
steady curve at about the same level. The hardness is between 130 HV 0.2 and
140 HV 0.2. The hardness values match with the data sheet for annealed FeNi36
(Weichmagnetische Eisen-Nickel-Legierungen 2021).

The five individual hardness measurements with HV 10 are summarised in Fig. 8.
The average hardness HV 10 of the upper and middle layers is below the initial
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Fig. 6 Average chord length and grain elongation of FeNi36 and modifications

Table 4 EDX surface analysis of upper and middle layers ± error

Fe Ni Ti Zr

Middle layers FeNi36 63.93 ± 0.56 35.99 ± 0.62 – –

FeNi36 + 1% Ti 65.83 ± 0.69 34.89 ± 0.75 0.21 ± 0.08 –

FeNi36 + 1% Zr 64.14 ± 0.49 35.15 ± 0.52 – 0.35 ± 0.06

alloy. The average value of the middle layers is 136 HV 10 for FeNi36+ 1% Zr and
131 HV 10 for FeNi36+ 1% Ti. In the lower layers similar hardness levels as in the
initial alloy are observable.

3.3 Machining Analysis

3.3.1 Temperature Analysis

The temperature of the tool cutting edge (as the cutting edge passes through the air
at the reversal point of the tool revolution) for all machining experiments of the three
materials was below the lower limit of the pyrometer’s measuring range of 160 °C
for. In comparison to analyses for other hard-to-cut materials, e.g., Co-Cr alloy
(Engelking et al. 2021), where significantly higher temperatures were observed, it is
therefore assumed, that the temperature load of the cutting tool is negligibly small.
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Fig. 7 Hardness measurement series HV 0.2 over the entire cross-section

3.3.2 Surface Integrity Analysis

The results of the roughness measurement are shown in Fig. 9. The USAM causes a
lower arithmetic mean roughness Ra for all materials. The alloy modifications have
no significant influence on the roughness of the surfaces machined via USAM. For
the conventional process, the modification of FeNi36+ 1% Ti also has no significant
influence on the roughness. The arithmetic mean roughness Ra and the error bars of
the FeNi36 + 1% Zr are much higher compared to the other two materials. In the
course of the roughness measurement, it is assumed that one or more pores within
the analysed section affected the measurement, increasing the roughness parameter
Ra significantly.

Figure 10a–f show pictures of the finish milled surfaces of the FeNi36 initial
alloy and both modifications. Figure 10a, c and e exhibit surfaces typical for ball
end milling processes (Nespor et al. 2015). Figure 10b, d, and f indicate patterns
typical for USAM (Ahmed et al. 2021). The modifications with 1% Ti and 1% Zr
cause an increased defect density of the surfaces for the conventional milling process
compared to the FeNi36 initial alloy, cf. Fig. 10a, c and e. On the surfaces of the
conventional milling process (10a, c and e) as well as on the surfaces of the USAM
(Fig. 10b, d and f) localmaterial accumulations can be seen,which are suggested to be
a so-called built-up edge (BUE). The low thermal conductivity of FeNi36 combined
with its high tendency for work hardening leads to a significant adhesion of the
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Fig. 8 Hardness
measurement HV 10 of
FeNi36 initial alloy and the
modifications
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Fig. 9 Arithmetic mean
roughness Ra of FeNi36
alloy and the modifications
with + 1% Ti and + 1% Zr

material to the tool (Zheng et al. 2015; Ahmed et al. 2017). Due to this adhesion
effect, the BUE from the tool tip adheres to the surface and consequently leaves
such surface defects (BUE) (Liu et al. 2015). This defect is significantly reduced
by the use of ultrasonic assistance, cf. Figure 10b, d and f. The surfaces machined
with USAM of FeNi36 + 1% Zr exhibit a high number of cavities in contrast to
the other two materials. These cavities are assumed to be pores that were formed
during the welding process, cf. Sect. 3.1. Overall, USAM causes for all materials
a significantly lower defect density of the finish milled surfaces compared to the
conventional milling process.

4 Conclusion

The FeNi36 alloy was modified with 1 wt.-% of titanium or zirconium, respectively.
The following influences on the welded microstructure and on the machinability
were observed.

(1) PTA welding causes numerous finely distributed precipitates with high silicon
content, occuring in the microstructure of FeNi36 as well as of both modified
alloys.

(2) The modification with Ti and Zr both causes enhanced grain coarsening.
(3) In comparison to conventional finishing milling, USAM leads to a reduction

of the arithmetic mean roughness Ra for all three materials.
(4) USAM shows beneficial effects regarding a significant reduction of machining

induced surface defects compared to the conventional process especially in
case of the alloy modifications.

The aim of these studies is to gain comprehensive knowledge in order to
derive processing recommendations that will make the production and repair of



Nickel-Iron-Alloy Modification to Enhance Additively Welded … 97

Fig. 10 Comparison of the topography of the FeNi36 initial alloy (a, b), FeNi36 + 1% Ti (c, d),
FeNi36 + 1% Zr (e, f) and of conventional milling (a, c, e) and USAM (b, d, f)

these difficult-to-process alloys, especially for large components, significantly more
efficient and economical.
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Maximisation of the Achievable Bond
Width in Capacitor-Discharge-Welding
of Annular Axial Seams on Gear
Components

Julius Lindenmaier, Tim Hertzschuch, and Uwe Füssel

Abstract Capacitor-discharge-welding (CD-welding) is a highly dynamic process
in which the entire weld seam cross-section is produced simultaneously by a high-
current pulse of up to several hundred kiloampere. Welding tasks in gear manufac-
turing include diameters up to 250 mm and weld seam cross sections up to 1500
mm2, which can be CD-welded in less than 40 ms. The fast welding process runs
event-driven, it is not possible to intervene in the process sequence or to adjust param-
eters during welding. This means that the welding result is already defined by the
boundary conditions and input parameters beforewelding. In this paper, the influence
of various input parameters (current shape, electrode force, repositioning behavior
and joining geometry) on the maximum achievable bond width in CD-welding of
annular axial seams is investigated experimentally on a case hardening steel. The
process limit is defined by the formation of macroscopic weld spatters, which can
endanger the quality of the weld result. It is shown, that all the input parameters
investigated have a significant influence on the achievable bond width. In particular,
very short current rise times and low electrode forces severely limit the achievable
bond width.

Keywords CD-welding · Joining gear components · Case hardening steel · Bond
width · Quasi-static strength
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1 Introduction

CD-welding can be assigned to the group of resistance welding processes and is
nowadays mainly used as a projection welding process (DVS 2016). Rotationally
symmetrical gear components can be welded together by at least one of the joining
partners having an annular projection contour, to achieve the current density concen-
tration needed. The locally generated heat flux density q̇ (Joule resistance heating)
in the joining plane depends on the square of the welding current density jmultiplied
by the electrical resistance RF of the joint (Fritz and Schulze 2015):

q̇ = Q̇

AL
= j2 · RF (1)

Due to the local constriction of the conductive cross-section AL by the projection,
the current density j and the electrical resistance RF become very high at the joint
compared to the rest of the component. This is the reason, why the heat generation
is strongly localized to the weld seam. The high currents of up to 1000 kA, required
for the joining of the large cross sections, can be achieved by temporarily storing
the required energy in a capacitor bank and then abruptly discharging it via a high-
current pulse transformer. The resulting pulse shaped welding current heats the joint
to the required temperature within a few milliseconds, before the heat can spread to
the rest of the component (DVS 2016).

Compared with the currently most common welding process in gear manufac-
turing, the fusion welding with laser beam, the CD-welding process offers economic
advantages (lower investment costs, simpler process diagnostics and control, elimi-
nation of process gases and filler metal, lower energy demand and reduced surface
requirements). Furthermore, it also offers decisive process advantages. Due to very
short welding times (<40 ms) and a simultaneous heating and cooling of the entire
circumference, a low residual stress state is favored and no relevant thermal distortion
is expected. By discharging a second current pulse through the joint, a tempering
effect in the microstructure of the resulting weld can be achieved, without additional
equipment needed (Petersmann 2004; DVS Forschungsvereinigung 2003).

Due to these process characteristics, CD-welding is predestined for joining tasks
in the powertrain. Nevertheless, one searches the literature almost in vain for publi-
cations on the CD-welding of rotational components. Consequently, the existing
potential is currently insufficiently exploited.

2 CD-Welding of Annular Axial Seams

Whenwelding annular seams on rotationally symmetrical force-transmitting compo-
nents, there are different possibilities for arranging the weld seam with respect to the
axis of rotation of the joining partners. Depending on the available installation space,
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accessibility, position of the functional surfaces or load case, a certain arrangement of
the weld seam to the axis of rotation may prove to be particularly favorable. Figure 1
shows the three possible main weld arrangements relative to the axis of rotation of
the joining partners. They can be divided into the categories radial, axial and oblique.

In this paper, the welding of axial seams is investigated. An oversize x on one of
the components is used as projection geometry. Figure 2 describes the CD-welding
process of annular axial seams in more detail.

Contact situation before welding:

• First, the joining partner are positioned between the electrodes. The contact angle
ϕ causes the components to align with each other as soon as the electrode force

Fig. 1 Sectional view of different weld arrangements to the axis of rotation of the joining partners,
using the example of a hollow shaft-hub connection

Fig. 2 Arrangement of the joining partners for CD-welding of annular axial seams
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F is applied (self-centering). The resulting high pressure p on the joint already
leads to an elastic and plastic deformation, resulting in the initial contact width a.

Heating and melting process during welding:
• The pulse-shaped welding current I leads to rapid temperature rise in the pressur-

ized joint. As a result, the joining partners sink into each other (compare images
1–6 in Fig. 2) by the melt distance s and, after the end of the current flow, a
materially bonded joint is formed.

Contact situation after welding:
• The resulting weld seam is never exactly axial, but has a slight inclination by a

few degrees to the axis of rotation of the components, depending on the oversize
x used. The achieved bond width is strongly dependent on the achieved melt
distance s, but does not exactly equal it, because of the slight inclination and the
resulting geometry on the corners of the seam.

This process variant was first described by Kniat (2008). However, funda-
mental investigations are very little researched for the production of this seam
arrangement.

3 Problem Statement and Objective of Investigation

Weld seams on transmission components must be able to transmit dynamic moments
and forces. In order to ensure the highest possible load-bearing capacity, the largest
possible bond widths are required between the joining partners. Since the fast
CD-welding process is event-driven, it is not possible to intervene or to adjust
process parameters during welding. This means that the welding result (achieved
melt distance s and bond width) is already defined by the boundary conditions and
input parameters at the start of the process. Under otherwise constant boundary
conditions and input parameters, only a certain amount of welding energy can be
supplied into the process and a certain melt distance s (and therefore bond width)
can be achieved before a macroscopic weld spatter formation occurs. This spatter
formation represents a process limit, since it is hazardous to quality because it can
damage finish-machined functional surfaces (e.g. tooth flanks, bearing seats) due to
process heat or adhesion. Furthermore, it can lead to weld defects.

In recent years, different causes have been identified that lead to the formation of
macroscopic weld spatters and defects in the weld seam during CD-welding:

• Loss of pressure or electrical contact (Stocks et al. 2017).
• Overheating and abrupt volume expansion (Ketzel et al. 2019; Lindenmaier et al.

2021).
• Breaking of the surface tension at the molten welding bulge (Lindenmaier et al.

2021).

The following main input parameters (except the charging energy E) that can
be adjusted on a standard CD-welding machine and that affect these causes of
macroscopic weld spatter formation are:
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• The oversize x of the joining geometry.
• The rise time tp of the welding current.
• The electrode force F.
• The spring stiffness k of the repositioning unit.

Objective of this investigation is therefore to examine the influence of these
individual initial parameters on the maximum achievable bond width before a
macroscopic weld spatter formation occurs.

4 Empirical-Experimental Approach

To study the influence of the different initial parameters on the maximum achievable
bond width, only one parameter is varied at a time and the remaining parameters
are kept constant. Several welding tests are then performed for each specific setting,
in which the charging energy E of the capacitor is successively increased and the
resultingmelt distance s ismeasured in each case. The charging energyE at which the
macroscopic weld spatter formation starts marks the process limit and the maximum
achievable melt distance s. In order to verify sufficient strength of the welded joints,
the welded samples are tested with a quasi-static press-out test (10 mm/min) and
the maximum press-out force Fpo is measured. Figure 3 shows the portal welding
machine used and the setup of the press-out test.

The experiments are carried out on a welding diameter of 54 mm. The component
geometry is described more detailed in Sect. 5.1. The component material used is
the case-hardening steel 16MnCr5 + N (EN 10084 2008).

Fig. 3 Portal welding machine used (left) and setup of the quasi-static press-out test (right)
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5 Experimental Work and Results

The results of the experimental work are presented below. Each input parameter is
investigated within a separate chapter. First, the general conditions of the varied input
parameter are described, before the welding results are presented. To visualize data
points from tryouts with weld spatters occurring, the following determinations are
made:

• Data points without filling: No weld spatter formation occurring.
• Data points with black filling: Slight weld spatter formation occurring.
• Data points with red filling: Strong weld spatter formation occurring (spatter

limit).

5.1 Influence of the Oversize X

The oversize x determines the overlap between the joining partners. The larger the
oversize x, the more material volume has to be melted to achieve a certain melting
distance s. Furthermore, the oversize x influences the resulting contact width a before
welding (comp. Figure 2) and thus the ohmic resistance RF at the start of the process.

First, the actual size of the different oversizes x1–x3 (shaft) and of the hub diameter
Dhub was measured for 10 samples of each geometry. The results and the general
geometry of the joining components are shown in Fig. 4.

The geometric features show very slight deviations from the nominal dimensions
and are within the specified tolerance. Next, the achievable melt distance s for the
different oversizes x is tested and the influence on the press-out force Fpo is investi-
gated. The other input parameters stayed constant. The electrode force F was 60 kN,
the current rise time tp was 11.3 ms and the repositioning stiffness k was 8.5 kN/mm
(spiral spring package). The results are shown in Fig. 5.

Fig. 4 General geometry of the joining components (left) and results of the measurement of the
geometric features (right)
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Fig. 5 Achievable melt distance for different oversizes (left) and results of the press-out test (right)

It can be recognized that too large oversizes x (here 0.55 mm) limit the achievable
melt distance s (and therefore the bondwidth) before theweld spatter limit is reached.
Theweld samples for the oversize x2 = 0.45mm showed a slightly increased strength
compared to oversizes x1 and x3 (comp. Figure 5, right).

5.2 Influence of the Current Rise Time tp

The shape of the welding current influences the heat generation (comp. Equation 1)
over time in the welding area (Ketzel et al. 2019). In addition, the current shape
has a direct influence on the magnetic force effects on the molten welding bulge
(Lindenmaier et al. 2021). The resulting welding current curve from a capacitor-
discharge is essentially determined by the basic variables of the discharge circuit
and cannot be actively controlled (Rusch 2018). For a higher charging energy E the
peak current Ip rises, but the current rise time tp and the welding time th remain
almost constant. The current times can be adapted to the welding task, especially by
adjusting the capacitanceC of the capacitor-battery and the ratio ü of the transformer.

The different machine-settings used and the resulting current rise times tp1–tp4
are shown for a capacitor-discharge of 20 kJ in Fig. 6.

Small capacitances C and small transformer ratios ü result in short current rise
times tp and high peak currents Ip.

Next, the achievable melt distance s for the different current rise times tp1–tp4 is
tested and the influence on the press-out force Fpo is investigated. The other input
parameters stayed constant. The electrode force F was 60 kN, the oversize x was
0.45 mm and the repositioning stiffness k was 8.5 kN/mm (spiral spring package).
The results are shown in Fig. 7.

It can be recognized that too short current rise times tp (here 5.5 ms) severely
restrict the achievable melt distance s (and therefore the bond width) before the weld
spatter limit is reached. In addition, a higher charging energy E of the capacitors is
required for longer current rise times tp to achieve the same melt distance s, as lower
peak currents Ip result in a lower heat generation (comp. Equation 1). The current
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Fig. 6 Machine settings tp1–tp4 (left) and resulting current times (right) for a capacitor-discharge
of 20 kJ

Fig. 7 Achievable melt distance for different current rise times (left) and results of the press-out
test (right)

rise time tp had no visible effect on the press-out force Fpo needed to destroy the
weld samples (comp. Figure 7, right).

5.3 Influence of the Electrode Force F

The electrode force influences the resulting pressure in the joining area during
the welding process. In addition, the resulting deformations influence the ohmic
resistance (especially the contact width a at the beginning of the welding process).

The contactwidths a resulting from the plastic deformation and the electrode force
curves over the welding time are shown for the electrode forces F1–F3 in Fig. 8.

Higher electrode forces F result in higher plastic deformations. The estimated
pressure at the contact area is in the range between 700–800 MPa. The force drop
�F during welding (comp. Figure 8, right) is a result of the relaxation of the spring
package due to the melt distance s and depends on the spring stiffness k used.

Next, the achievable melt distance s for the different electrode forces F1–F3 is
tested and the influence on the press-out force Fpo is investigated. The other input
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Fig. 8 Resulting deformation and estimated pressure at the contact before welding (left) and
electrode force curves (right) for different electrode forces and a capacitor-discharge of 24 kJ

parameters stayed constant. The oversize x was 0.45 mm, the current rise time tp was
11.3 ms and the repositioning stiffness k was 8.5 kN/ mm (spiral spring package).
The results are shown in Fig. 9.

It can be recognized that too low electrode forces F (here 40 kN) severely restrict
the achievable melt distance s (and therefore the bond width) before the weld spatter
limit is reached. In addition, a higher charging energy E of the capacitors is required
for lower electrode forces F to achieve the same melt distance s. For higher electrode
forces F higher press-out force Fpo are needed to destroy the weld samples (comp.
Figure 9, right).

Fig. 9 Achievable melt distance for different electrode forces (left) and results of the press-out test
(right)
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5.4 Influence of the Spring Stiffness k of the Repositioning
Device

In order to be able to continue transmitting the welding force and to avoid contact
loss in the joining area or between the electrode and the component, at least one of the
two electrodes must be able to follow the rapid softening projection geometry with
as little delay as possible. Since the force generation system is often too sluggish, a
repositioning device is positioned in the force flowwhich is decoupled from the force
generation system (Stocks et al. 2017). The repositioning device is often designed
in form of a spring package. The greater the spring stiffness k, the greater the loss of
electrode force �F during welding for the same melt distance s.

There were four different parallel spring assemblies used which consist of several
single springs. Two packages with spiral springs (linear characteristic) and two pack-
ages with elastomer springs (progressive characteristic). The spring stiffnesses k for
the elastomer spring packages are estimated in the range of the electrode force around
60 kN:

• spiral spring package 1 with k1 = 12 · 0.708 kN/mm = 8.5 kN/mm.
• spiral spring package 2 with k2 = 12 · 1.56 kN/mm = 18.7 kN/mm.
• elastomer spring package 1with k3 = 6 · 0.5 kN/mm = 3 kN/mm.
• elastomer spring package 2 with k4 = 6 · 1.67 kN/mm = 10 kN/mm.

The spring characteristic curves and the resulting electrode speed during welding
are shown for the different spring packages in Fig. 10.

The slowest spring package (elastomer spring 2) reaches a electrode speed v of
0.25 m/ s compared with 0.35 m/s for the fastest spring package (elastomer spring
1).

Next, the achievable melt distance s for the different spring packages is tested and
the influence on the press-out force Fpo is investigated. The other input parameters
stayed constant. The electrode force F was 60 kN, the oversize x was 0.45 mm and
the current rise time tp was 11.3 ms. The results are shown in Fig. 11.

Fig. 10 Spring characteristic curves (left) and resulting electrode speed curves (right) for different
spring packages and a capacitor-discharge of 32 kJ
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Fig. 11 Achievable melt distance for different spring packages (left) and results of the press-out
test (right)

It can be recognized that a higher spring stiffness k and a lower resulting electrode
speed v lower the achievablemelt distance s (and therefore the bondwidth) before the
weld spatter limit is reached. In addition, a higher charging energy E of the capacitors
is required for a higher spring stiffness k to achieve the same melt distance s. For
lower spring stiffnesses k and a higher resulting electrode speed v higher press-out
forces Fpo are needed to destroy the weld samples (comp. Figure 11, right).

6 Discussion of the Results

Too large oversizes x lead to a premature weld spatter formation because of the large
amount of molten metal that is squeezed-out from the seam into the welding bulge.
Too short weld times tp lead to a premature weld spatter formation because of the
high resulting peak currents Ip that lead to a high influence of the Lorentz force
and breaking of the surface tension on the molten welding bulge (Lindenmaier et al.
2021). Low electrode forces F lead to a premature weld spatter formation because of
a lack of pressure or a contact loss between the components. High spring stiffnesses
k and a slow resulting electrode acceleration and speed lead to a higher force loss
�F and therefore to an earlier weld spatter formation occurring (Stocks et al. 2017).

All weld samples with melt distances s greater than 1.5 mm resulted in press-out
forces Fpo over 140 kN and a fracture in the base material outside the heat affected
zone. The higher strength for high electrode forces F (comp. Figure 9, right) and
for low spring stiffnesses k (comp. Figure 11, right) must be due to a resulting work
hardening in the base material around the weld seam, as consequence of the high
pressure. Figure 12 shows samples of the fracture after the press-out test as well as
a hardness curve through the heat-affected zone (HAZ).

It can be observed, that the samples typical crack outside the harder HAZ in the
softer base material. This indicates a high seam quality. In addition, the width of the
narrow HAZ was less than 1.5 mm.
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Fig. 12 Fracture in the base material after the press-out test (left) and hardness measurement
through the heat affected zone of the shaft-hub weld (right)

7 Conclusion

Components with a welding diameter of 54 mm made from the case hardening
steel 16MnCr5 (EN 10084 2008) were investigated. It was shown, that all the input
parameters investigated had a significant influence on the achievable weld bond
width. In particular, very short current rise times tp and low electrode forces F
severely limited the achievable bond width. For the given boundary conditions, an
oversize x around 0.45 mm (see Fig. 5), a current rise time tp around 11 ms (see
Fig. 7), an electrode force F around 70 kN (see Fig. 9) and a spring stiffness k
around 3 kN/ mm (see Fig. 11) proved to be the best input parameters to achieve a
maximum bond width, before a macroscopic weld spatter formation occurs.

In general, melt distances s between 2 and 3 mm could be achieved, without a
macroscopic weld spatter formation occurring. For a welding diameter of 54 mm,
this results in a bonded cross section of 340–510 mm2. For an average press-out
force Fpo of 175 kN and an average bonded cross section of 425 mm2, this results in
a calculated shear strength τ of 412 N/ mm2 of the weld seam.
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Process Comparison of Friction Stir
Welding, MIG, Laser Beam Welding
and Laser Hybrid Welding in Joining
Aluminium EN AW-6063 T6

Iurii Golubev and Axel Meyer

Abstract Four different welding processes had been investigated and compared to
each other in joining aluminium extrusion for a battery tray panel in the automo-
tive industry. Friction Stir Welding (FSW), Metal Inert Gas Welding (MIG), Laser
Beam Welding (LBW) and Laser MIG Hybrid Welding (LMH). Weld properties
had been analysed by metallographic cross sections, tensile tests and fatigue tests
after initial visual inspection. Simultaneously to the mechanical properties data for
a carbon footprint evaluation had been gathered as well. The energy consumption,
feed rates for welding consumables and shielding gas flow which had been analysed
were appropriate. The GaBi software database for life cycle assessment was used
for final evaluation. Significant differences had been identified proving tremendous
differences for a carbon neutral production.

1 Introduction

The high use of aluminum in the automotive industry, especially for EV battery
trays, results in an increasing demand for welding of aluminum alloys. These welded
joints often made of hollow extrusions have to meet high requirements in terms of
their tightness, strength, and crash behavior. In addition, it should be possible to
fully automate a welding process to ensure high reproducibility of the welded parts.
Thus, the selection of welding methods for the production of the battery trays is a
challenging task.

To weld aluminum extrusions for a battery tray panel, the automotive industry
currently prefers friction stir welding (FSW) (Meyer 2019), which ensures excellent
quality and high reproducibility of the welded joints and does not require expensive
weld preparation. Despite the advantage of FSW, competingweldingmethods should
also be considered. Since laser beam welding (LBW) has been widely adopted into
the automotive industry due to its high processing speed and process flexibility, it
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can nowadays also be used for welding of the battery tray panels (TRUMPF 2021).
A further welding method now used for battery tray production is laser-MIG hybrid
welding (LMH) (Fronius 2020), which offers the gap-bridging ability and easy weld-
seam preparation of MIG welding, as well as the low heat input, deep penetration,
and speed of laser welding. Although FSW, LBW and LMH have proven to give
quality welded joints used in automobile fabrication, their application is limited by
the high cost of equipment. Therefore, the arc welding method such as metal inert
gas welding (MIG) with its low cost compared to other welding techniques and high
energy efficiency, therefore, remains a useful welding process in the automotive
(Ogbonna et al. 2019).

To choose the adequatewelding process, the processes should be compared to each
other regarding quality, cost and time as well as the environmental friendliness. The
quality of the welded joints made by different welding methods can be evaluated
by visual inspection, macroscopic examination, tensile and fatigue tests. In order
to get reliable results, all the welding processes should be tested for same joints
typology and equal material. Evaluation of the cost and time is based on RIFTEC’s
and HAI’s many years of experience in welding of aluminum alloys as well as the
earlier research. Environmental impact of the different welding processes has been
evaluated using the life-cycle assessment methodology (LCA).

2 Materials and Methods

In this study, 1200× 400 × 12mmhollow extrusionsmade of ENAW-6063 T6were
selected as a base material. The chemical composition and mechanical properties of
the base material are given in Table 1 and Table 2 respectively.

Four single sided butt welds and one double sided butt weld have been produced
by each welding method. The desired weld penetration was 3 mm. The specific
welding parameters used for each welding method are described below.

FSW was performed at HAI Ranshofen by using a double-spindle FSWmachine
integrated in a fully automated line for serial manufacturing of battery tray panels.
No special treatment or optimisation was applied to the welded parts. Hence these
parts illustrate the serial conditions on a real industrial level. Two hollow extrusions
were welded simultaneously from both sides at a welding speed of 3 m/min.

Table 1 Chemical composition of the base material

Si Fe Cu Mn Mg Cr Zn Ti Al

0.47 0.2 0.02 0.05 0.47 0.01 0.02 0.01 Rest

Table 2 Mechanical
properties of the base material

Rp0.2, N/mm2 Rm, N/mm2 A 50%

222.8 244.8 12.7
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Unlike FSW, LMH, LBW and MIG trials have been performed at scientific insti-
tutions by using universal welding machines and fixtures. In addition, less time was
available for the selection of thewelding parameters and process optimization. There-
fore, welding parameters and welding fixtures used for fusion welding methods in
this work were not applicable for a series production.

LMH was performed at SLV Halle GmbH. The welding was carried out by
using a high-power diode laser LASERLINE LDF 15,000-60 at a welding speed
of 2.2 m/min, the MIG welding power source QINEO PULSE 600, Argon gas at
flow rate of 18 l/min, and filler wire was AlSi5 1.2 mm diameter.

LBWwas performed at the Chair of joining andwelding technology Brandenburg
University of Technology (BTU) Cottbus-Senftenberg. The welding was carried out
by using the laser machining center Reis Robotics equipped with 15 kW fiber laser
IPG Photonics at a welding speed of 1.5 m/min, Argon gas at flow rate of 20 l/min,
and filler wire was AlMg4,5Mn 0.8 mm diameter.

MIGwas performed at the Chair of joining and welding technology Brandenburg
University of Technology (BTU) Cottbus-Senftenberg. The welding was carried out
by using the power source Fronius TPS 500i at a welding speed of 0.9 m/min, Argon
gas at flow rate of 15 l/min, and filler wire was AlMg4,5Mn 1.2 mm diameter.

Welding methods have been compared regarding the quality, cost, time, and envi-
ronmental friendliness. Each welding method can score from one to five points for
each criterion. Evaluation results are summarized using radar charts.

To evaluate the quality of the welded joints, visual inspection, macroscopic exam-
inations, tensile test, and fatigue test were carried out. The specimens for destructive
testing were cut from two welded joints made by each welding method. Tensile test
and fatigue test specimens have been prepared according to the standard DIN EN
50,125:2009-07 (Form H). All fatigue test specimens (14 pcs) and first set of tensile
test specimens (6 pcs) have been machined on both sides to avoid the influence of
the weld surface roughness on the fatigue und tensile test results. Second set of the
tensile test specimens (6 pcs) has been machined on the side of the weld root only.
Bending test specimens (6 pcs) have been prepared according to the standard DIN
EN ISO 7438. Three samples each were taken from the beginning, middle and the
end of the weld seam for macroscopic examination. Figures 1 and 2 illustrate the
position of the tensile test and fatigue test specimens.

Environmental impact of the different welding processes has been evaluated using
the life-cycle assessment methodology (LCA). Within a LCA the quality of the
underlying data on materials, processes, energy, and transport is crucial to produce
valuable and reliable results. While most LCA database providers source their data
from aging literature or laboratory research-based content, LCA database used in this
research (GaBi software) is built on primary industry data and in close cooperation
with associations, providing a reliable environmental data foundation.
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Fig. 1 Position of the tensile test and fatigue test specimens

3 Results and Discussions

Figure 3 shows the surface appearance of the welds made by FSW, LMH, LBW and
WIG welding respectively.

FSW produces a relatively smooth surface of the weld seam without spatter and
excessweldmetal above the height of the parentmetal. However, some of thematerial
may be pushed out as toe flash on the workpiece surface at the edge of the weld seam.
The width of the FSWweld remains constant along the welding line and corresponds
to the tool shoulder diameter. In contrast to joint welded by FSW, joints welded by
fusion welding methods exhibit a rougher weld surface, spatter on the workpiece
surface, excess weld metal as well as irregular weld width.

Four types of surface welding imperfections were found on the welded parts. In
order to measure “sensitivity” of the welding process to the occurrence of specific
surface imperfections, the number of the welds affected by specific imperfection has
been counted. Results have been summarized in the diagram (Fig. 4).

Since spatter and toe flash have a similar appearance i.e. excess material on the
surface has to be removed by grinding or machining, they belong to one types of
surface imperfections. Spatter have been found on all the joints made by LMH, LBW,
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Fig. 2 Position of the tensile test specimens, bending test specimens, and metallographic cross-
sections

and MIG, while toe flash was presented only on the one FSW joint. The second most
frequently occurring surface imperfection is undercut found on LBW (four welds),
LMH (three welds), and MIG (one weld) joints. Three MIG joints and one LMH
joint exhibit surface porosity. Surface longitudinal cracks have been found on the
welds made by LMH (one weld) and LBW (one weld). Thus, FSW has the lowest
sensitivity to the occurrence of specific surface imperfections.

Figure 5 shows macroscopic sections taken from the middle of the weld seams.
The evaluation of the imperfections has been carried out according to ISO 25239-

5:2020 (FSW) and DIN EN ISO 6520-1 (fusion welding methods). The FSW joint
exhibits a high degree of continuity and no internal imperfections. In addition, it is
apparent in this macrograph that FSW has good gap-bridging ability. LMH weld has
also no internal imperfections. However, the weld depth was not constant along the
weld line and greater than required. Joints welded by LBW exhibit cracks in the weld
metal and porosity. MIG presents porosity as well as excess weld metal. Moreover,
the weld depth was not constant and less than required.

Figure 6 shows the results of the tensile tests for (a) samples machined on both
sides and (b) samples machined on one side.
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Fig. 3 Appearance of the joint welded by a FSW, b LMH, c LBW and d MIG

Fig. 4 Frequency of occurrence of welding defects

Results of the tensile tests show a similar behaviour for both sets of samples.
As mentioned above, FSW produces welds without defects associated with fusion
welding. Moreover, FSW creates fine recrystallized microstructure in the weld
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Fig. 5 Cross sections a FSW, b LMH, c LBW and d MIG

Fig. 6 Tensile test results for joints welded by FSW, LMH, LBW, MIG and BM. a Samples
machined on both sides b Samples machined on one side
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nugget. This results in excellent mechanical properties of its joints.Mechanical prop-
erties of the LMH joints are located at a slightly lower level as the FSW. LBW joints
exhibits the lowestmechanical properties due to presence of the internal imperfection
in its joints such as cracks and porosity.

Fatigue test was carried out in a resonant testingmachine RUMULMIKROTRON
with a stress ratio R of 0.1 (pulsating tensile load) and a test frequency of 99 Hz.
For each welding process, 14 fatigue test specimens (DIN EN 50,125:2009-07, Form
H) were used to create S–N (stress-life) curve. Results of the fatigue test for FSW,
LMH, LBW, and MIG, as well as base material (BM) are shown in Fig. 7.

Large spread in the fatigue test results for LMH and LBW joints do not allow
the creation of meaningful S–N curves for these welding processes. Apparently,
the reason for this is the presence of internal imperfection in these joints such as
cracks and porosity. However, the stress amplitude can be evaluated to compare
them with other welding processes. LBW and LMH joints exhibit the lowest fatigue
strength. FSW joints show a considerably better fatigue performance than other
welding methods and their S–N curve is similar to base material level.

In order to measure how environmentally friendly each welding process is, green-
house gas emissions expressed as carbon dioxide equivalent (carbon footprint) have
been calculated by using LCA with GaBi Software database. The results for the four
welding processes are shown in Fig. 8 as CO2 equivalent per meter weld length.

Fig. 7 S–N curves for joints welded by FSW, LMH, LBW, MIG and BM
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Fig. 8 Carbon footprints

The carbon dioxide (or greenhouse gas) emission in welding arises primarily
from three sources: (1) energy consumption, (2) filler metal, and (3) shielding gas. If
we consider the energy consumption impact only, MIG is the most environmental-
friendly welding process. However, the high consumption of filler metal in MIG
welding results in a fivefold increase in carbon dioxide emission. Laser-based
weldingprocesses require significantly lessfillermetal but consumemore energy than
FSW and MIG processes. The fact that FSW consumes relatively little energy and
does not involve the use of filler metal and shielding gas provides it with an advanta-
geous position over its competitors. In this analysis, we used an average Germany’s
electricity generation mix to evaluate CO2 emissions from energy consumption.
If CO2-neutral energy was used, the energy consumption contribution to carbon
footprint would be almost eliminated for all welding processes.

Based on the results described above, RIFTEC’s and HAI’s years of experience
in welding of aluminum alloys as well as the earlier research, the comparison of the
welding processes regarding quality, cost, time, and environmental friendliness are
all summarized in radar charts (Fig. 9).

Quality. Since FSW is a solid-state joining technique, its welds can be produced
with absence of solidification cracking, porosity, undercut, and other defects of fusion
welding. This in return results in high mechanical and fatigue properties of the joints
welded by FSW. In addition, a relatively low heat input during FSW leads to lower
distortion.
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Fig. 9 Comparison of the welding processes

Environmental friendliness. As mentioned above, MIG consumes considerably
less energy than otherweldingmethods. However, shielding gas and great amounts of
filler metal used during MIG produce a lot of greenhouse gases vented to the earth’s
atmosphere. Thus, MIG welding is not at all “green” technology. During FSW, no
consumables such as a shielding gas or fillermetal are used, and no harmful emissions
such as radiation or metal fumes during fusion welding methods are created. All of
this makes FSW more environmentally friendly than competing processes.

Time. The time has been evaluated as the total time spent on the weld preparation,
welding, and weld finishing. MIG and LMH processes require the edge preparation
prior to welding. In addition, MIG has the slowest welding speed and the lowest
weld penetration depth in single pass, which make MIG the most time-consuming
welding process. FSW is the fastest process regarding welding speed. Moreover,
FSW produces a relatively smooth welding surface without spatter and excess weld
metal. This results in a less time for surface finishing of the FSW welds.

Cost. The cost is presented as cost per part and includes investment cost (welding
machine and fixtures), consumables (energy, shielding gas, filler metal), and manu-
facturing cost (productivity, weld preparation, finishing). LMH and LBW require
high investment costs due to the expensive welding machines, control systems and
safety devices. In addition, these processes consume more energy and require the
use of shielding gas and filler metal. However, a higher productivity and less time-
consuming weld preparation make LMH and LBW more cost effective than MIG
(despite more lower investment cost for MIG). FSW has also high investment costs
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but lower energy consumption than LMH and LBW. Moreover, it does not require
weld preparation and consumables such as a shielding gas or filler metal. Thus, FSW
becomes the most cost-effective welding process.

4 Conclusions

In this work FSW, WIG, LBW and LMH have been investigated and compared to
each other regarding their quality, cost, time, and environmental friendliness. All the
welding processes were tested for same joints typology and equal material. FSWwas
performed by using a FSW machine integrated in a fully automated line for serial
manufacturing. Unlike FSW, competing welding processes have been carried out at
scientific institutions by using universal welding machines and fixtures. The quality
of the welded joints made by different welding methods have been evaluated by
visual inspection, macroscopic examination, tensile and fatigue tests. Evaluation of
the cost, time, and environmental friendliness was based on the RIFTEC’s and HAI’s
years of experience in welding of aluminum alloys as well as the earlier research.
FSW showed the best result for all the comparison criterions. This work is a starting
point and invitation for additional input from the welding community. A round robin
have been started on basis of these initial data points.
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Joining High Nitrogen Steels
with Ag–Cu–Ni Metal Filler

Shuye Zhang, Peng He, Zhenfeng Li, Xingxing Wang, Di Gao,
and Dusan P. Sekulic

Abstract This paper offers a study of a vacuum brazing of high nitrogen steel by
using AgCuNi metal filler. Moreover, the precipitation behavior of the second phase
of the high nitrogen steel has been analyzed. The result shows that the temperature
range of the second phase precipitates has been 700–800 °C. The heat treatment of
high nitrogen steel base metal should be avoided in that temperature range. However,
it has been established that the heat treatment of the brazingprocess has little influence
onmicrostructures andmechanical properties of high nitrogen steel, thus, the brazing
temperature range was established to be 850–1050 °C. A typical joint microstructure
is mainly the Ag–Cu eutectic in the filler layer, and the element diffusion area near
the high nitrogen steel side. Brazed joints, with good mechanical properties were
obtained at temperatures of 850 °C and 950 °C. It has been established that the opti-
mized brazing process conditions are: (i) the peak temperature of T = 950 °C and
(ii) the dwell time at the peak of t = 20 min. The element diffusion processes of high
nitrogen steel brazing have been considered by using molecular dynamics simula-
tions. The diffusion processes of Fe–Cu and Fe–Ni binary systems were simulated.
It has been uncovered that in the Fe–Cu diffusion process, only the atoms diffuse
mutually. A mesophases were found during the Fe–Ni diffusion process.
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1 Introduction

It is generally accepted that steels with nitrogen content greater than 0.4 wt.% (mass
percentage) in the austenitic matrix or nitrogen greater than 0.08 wt.% in the ferritic
matrix, are known as high-nitrogen steels (Uggowitzer et al. 1996). In many early
applications, scholars used nitrogen to replace nickel so that an austenite structure
in steel could be formed (Liu et al. 2020; Vogt 2001; Kaputkina et al. 2016; Petrov
et al. 1999). In the austenite, nitrogen is easier to dissolve in a solution than carbon,
bringing out a less precipitation of carbides, and consequently a higher strength
and corrosion resistance of steel (Qin et al. 2019; Yang et al. 2012; Franks 2015).
With the development of the high-nitrogen steel, the researchers have discovered
that outstanding properties of such steel, (high strength, good toughness and process
performance as well as an excellent corrosion resistance) can be achieved (Li et al.
2015; Hong et al. 2011;Miura andOgawa 2001; Thyssen andMenné 2010; Simmons
1996). By replacing nickel with nitrogen, the resulting steel features, e.g., good
economy with better biocompatibility. The high-nitrogen steel has been widely used
in electric power, shipbuilding, marine engineering, military equipment, medical
equipment, and other fields (Stein and Hucklenbroich 2004; Kuball et al. 2020; Li
et al. 2009; Nishimoto and Mori 2004).

High-nitrogen steel has been adopted as a material for structural components
in various equipment structures, requiring a high load-bearing capacity and strong
impact resistance. Correspondingly, the fusion welding methods such as laser
welding and arc welding have been often used (Zhang et al. 2016; Zhao et al.
2007; Dong et al. 2005; Mohammed et al. 2017). However, in the fields of medical
equipment applications, high-nitrogen steel has been used because the load-bearing
capacity and impact resistance are not the primary factors to be considered. On the
contrary, the corrosion resistance should be put forward as the priority (Baba and
Katada 2006; Galloway et al.2011; Bayoumi and Ghanem 2005). Temperature in
the traditional fusion welding is quite near the melting point of the high-nitrogen
steel. Nitrogen in a supersaturated solid solution of the austenite has a high risk of
N2 gas formation, which greatly reduces the mechanical performance and corrosion
resistance of the joint (Bang et al. 2013; Kuwana 1990; Li et al. 2011). Moreover, the
nitrogen gas, which cannot escape in time will form gas voids in the welded joint,
thus weaken the mechanical integrity (Geng et al. 2016; Li et al. 2019; Mohammed
et al. 2016). Therefore, it is very important to keep the brazing temperature below
the melt point of the high-nitrogen steel so that the loss of nitrogen could be avoided
(Wang et al. 2021; Zhang et al. 2021; Shi et al. 2018).

This paper studies the brazing process of high-nitrogen austenitic stainless steel.
The ultimate objective is to analyze the performance of formed joints. Furthermore,
it is important to find the solution for avoiding precipitation of nitrogen during the
fusion bonding. The precipitation in the second phase during the brazing process
has been considered by using JMAT Pro for thermodynamic calculations. Also, the
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brazing holding time and brazing temperature impacts have been analyzed. The influ-
ence of joint morphology and technological parameters on the structure and mechan-
ical properties of brazed joints have been studied.Moreover, LAMMPS software was
used to conduct the molecular dynamics simulation (Swope et al. 1982; Plimpton
1995; Del Rio et al. 2011; Beeman 1976; Choudhury et al. 2011; Jawalkar et al.
2007) of the high-nitrogen steel matrix elements, such as Fe, Cu and Ni elements.
The atomic diffusion process in both the Fe–Cu binary system and the Fe–Ni binary
system were simulated to establish whether the intermetallic compounds would be
generated. The atomic potential energy was analyzed to obtain the mean square
displacement (MSD) and diffusion coefficient to compare the element diffusion
ability in the Fe–Cu and Fe–Ni systems.

2 Material and Methods

2.1 The Substrate and Filler Metal

The substrate (base)metal considered is a high-nitrogen austenitic stainless steel with
a high nitrogen content of 0.75 wt.%. As shown in Fig. 1, the structure of the base
metal is in the forged state of equiaxial grains. The grains are mostly the austenite
of uniform sizes including some crystal twinning. The base metal composition of
high-nitrogen steel is as shown in Table 1. The filler adopted is Ag–Cu–Ni, in which

Fig. 1 The micro structure
of the high-nitrogen
austenitic stainless steel

Table 1 The base metal composition of high-nitrogen steel

Element Cr Ni Mo Mn Cu N C Fe

wt.% 24 22 8 3 0.5 0.5 ≤0.02 Bal
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Table 2 The chemical
composition of the
Ag–Cu–Ni filler

Element Ag Cu Ni

wt.% 71.5 27.75 0.75

0.75% of nickel is added (silver-copper eutectic filler with a particle size of 200
mesh). The chemical composition of the filler is as shown in Table 2.

2.2 Test Equipment and Methods

The M60 vacuum diffusion furnace is adopted as the equipment for the vacuum
brazing test. The maximum heating temperature of the vacuum furnace can reach
2150 °C, the effective space of the hot zone is�75 mm× 130 mm and the maximum
vacuum 6 × 10–4 Pa. The AgCuNi filler was mixed with ethyl cellulose as a binder
to obtain the filler paste. The test specimens were assembled in the form shown in
Fig. 2 inset. No pressure was exerted on the assembled specimen during the brazing
process.

The process parameters adopted were as follows: the temperature ramp up, to
850 °C, than 950 °C, and ultimately 1050 °C with holding times of 5 min, 10 min,
20 min, respectively, Fig. 2.

Fig. 2 Brazing process curve
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2.3 Microstructure Analysis and Performance Testing

The microstructure of the joint zone was revealed by partitioning the joint with
Wire EDM partitioning along the center plane of the joint, and mounted with a
dental acrylic resin powder. The samples were polished by sandpaper with 400, 800,
1000, 1200, and 1500 grit, followed by 1 μm diamond polishing agent. An optical
microscope was used to conduct optical characterization of the samples. The base
metal needs to be corroded to uncover the morphology and the grain boundaries.
We chose as an etchant the mixture of 1 ml HF, 1.5 ml HCl, 2.5 ml HNO3 and
95 ml H2O. Due to the high corrosion resistance of high-nitrogen steel, the corrosion
time will correspondingly last as long as about 100 s. Finally, the corroded base
metal and the brazed joints were observed with both metallurgical microscope and
scanning electron microscope. The electronic probe was used for the microstruc-
ture analysis. The optical microscope (LEICA, DM4500P) and the scanning elec-
tron microscope (SEM, Helios Nanolab600i, FEI Company, USA) were used to
analyze themicrostructure andmorphology of the brazed joint interfaces. The energy
spectrometers were used for composition analysis.

The shear testing at room temperature has been adopted to evaluate mechanical
properties response. The dimensions of the substrates are 10 mm × 10 mm × 4 mm
and 10 mm × 20 mm × 4 mm. The schematic diagram of the shear strength test
assembly is shown in Fig. 3. The brazed joint assembly was put into the shear fixture
and tested at room temperature, with the shear test speed of 0.5 mm/s. The stress–
strain data curve, and the maximum load when the joint was broken were collected
during the shear test. The 3 shear tests, under each set of brazing process parameters
were collected, and the average value is taken as the average joint strength to ensure
the accuracy. The shear strength was measured by a universal tensile testing machine
(Instron 5569, Instron Co., USA).

Fig. 3 The schematic diagram of the shear strength test



132 S. Zhang et al.

2.4 Molecular Dynamics Simulation on Element Diffusion
Process of Filler and Base Metal

The atomic diffusion simulation of Fe–Cu binary system has been performed by
using the NPT ensemble (Berendsen et al. 1984; Martyna et al. 1992; Nosé 1984;
Mark et al. 2011; Gervilla et al. 2020). It is assumed that the system is at a constant
temperature and pressure. The particle numbers in the system at different brazing
temperatures of 850, 950 and 1050 °Chave been considered as being constant. For the
atomic diffusion simulation in Fe–Ni binary system, we selected the temperatures of
1123, 1223 and 1323 K. No additional pressure is needed during the brazing testing,
so a standard atmospheric pressure (0.1MPa) has been assumed. The diffusionmodel
was constructed with crystalline Fe and crystalline Cu. The lattice constant of Cu
atom is 3.61492505 nm and the lattice constant of Fe atom is 2.85532463 nm. For
the molecular dynamics model of Fe–Ni diffusion, the lattice constant of Ni atom
is 3.506486 nm while the lattice constant of Fe atom is as already adopted, i.e.,
2.85532463 nm. For the sake of higher calculation efficiency and appropriately less
calculation time,we established the supercellswith a smaller number of atoms.About
10 reduplicate unit cells were adopted in the x, y, and z directions, respectively, so
as to establish the supercell and keep a small distance between the two crystals. The
timestep of the molecular dynamics simulations was 60 fs. The periodic boundary
conditions were applied in three directions, and the EAM potential function devel-
oped by Bonny et al. (2009, 2013), was adopted to calculate the interatomic force
between the Fe and Cu atoms. The potential function including the Fe–Cu–Ni atomic
potential was developed by Bonny for the microstructure evolution and mechanical
property changes in the steel of reactor pressure vessel as well as the atomic scale
diffusion simulation.

3 Results and Discussion

3.1 The Second Phase Precipitation Behavior

The equilibrium phase diagram of high-nitrogen steel calculated by JMAT PRO is
shown in Fig. 4. One can observe precipitated phases in a high-nitrogen steel when
the temperature rises from 500 oC. The proportion of austenite is close to 60%.As the
temperature keeps rising, the austenite content gradually increases and the structure
transforms into austenite at 1200 °C, until it’s melted at 1380 °C. In the process, the
austenite becomes extremely stable without any high temperature δ-ferrite produced.
This is mainly because of the high nitrogen and nickel in the high-nitrogen steel. The
two elements can stabilize and expand the austenite phase region. This reduces the
production of δ-ferrite in the high temperature region and inhibits the martensite
phase transformation in the low temperature region.
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Fig. 4 The equilibrium phase diagram of high-nitrogen steel

In the considered process, the second phase that precipitates in the high-nitrogen
steel mainly include M2(C,N) phase, σ phase, M23C6 phase and χ phase. The
M2(C,N) phase ismainly the Cr2(C,N) phase, whose precipitation temperature range
is about 750–1200 °C; the actual composition of σ phase is (Fe,Ni)x(Cr,Mo)y Its
precipitation temperature range is relatively large, between 500 and 1200 °C. The
peak of precipitation is at 750 °C. The M23C6 phase is mainly the Cr carbide, which
has only a small amount of precipitation in the lower temperature range. The chem-
ical composition of χ phase (Chi phase) is mostly (Fe,Ni)36Cr18Mo4 in austenitic
steels. The precipitation starts at 750 °C and the proportion of precipitated phases
gradually increases as the temperature keeps reducing, which mainly takes place in
the low temperature region.

The calculated isothermal cooling transition curve is shown in Fig. 5. The curve
can also be regarded as the isothermal precipitation curve to analyze the precip-
itation time of the precipitated phase when the high-nitrogen steel is held at the
corresponding temperature. One can see that the σ phase is the easiest to get precip-
itated when the heated high-nitrogen steel is cooled, followed by the χ phase and
the M2(C,N) phase. For the σ phase, the most sensitive temperature is 780 °C and
the incubation period is 4.1 h. For the χ phase, the most sensitive temperature is
750 °C and the incubation period is 6.1 h. For the M2(C,N) phase, the most sensitive
temperature is 750 °C and the incubation period is as long as more than 30 h.

Based on the performed analysis, one can assess the sensitive temperature of
the second phase precipitation would be 700–800 °C. Therefore, with regard to the
brazing process of interest in this paper, the high-nitrogen steel shall not be tested at
700-800 oC.
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Fig. 5 High nitrogen stainless steel cooling transition curve. a Isothermal cooling transition b
continuous cooling transition

The brazing temperature curve shown in Fig. 2, indicates dwell times of 30 min
at 850, 950 and 1050 °C, followed by a convective cool down within the furnace.
Polishing and etching followed the tests. Themetallographic imagingwith the Image-
Pro Plus software has been performed to determine the ratio of the precipitated phase.
Themicrostructure result is shown inFig. 6. It can be seen that continuous precipitates
appear at the grain boundaries when the brazing process curve is held at 850 °C for

Fig. 6 Microstructure of the joints after the dwell for 30 min. a 850 °C, b 950 °C, c 1050 °C
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Fig. 7 XRD spectrum line of high-nitrogen steel. a Heat dwell at 850 °C, b comparison of the
three heat treatments

30 min. A small amount of larger granular precipitates appear at the triple grain
boundaries. At the holding temperature of 950 °C, a small amount of discontinuous
precipitated phases appear on the interface. When the temperature rises to 1050 °C,
almost no precipitated phases can be seen within the microstructure.

As the dwell temperature increases, the precipitates in the high-nitrogen steel
gradually decrease, which conforms to the result obtained by the thermodynamic
calculations. This is because at the higher temperature the deviation from the critical
temperature is greater. Since the holding time of brazing is less than 30 min, much
shorter than the precipitation incubation time calculated by the phase diagram, less
precipitated phase can be observed in the microstructure.

To determine the precipitated phases, XRD analysis is performed. The analysis
is performed on the base metal after the aforesaid three heat treatments. The XRD
results of base metal after dwell at 850 °C are shown in Fig. 7. By comparing to
standard PDF card with Jade software, we find that the diffraction angle is consistent
with the diffraction features of austenite standard card, without the diffraction peaks
of σ phase and nitride M2(C,N) phase. The comparison of the three base metals at
850, 950 and 1050 °C, one finds the same diffraction angle for the diffraction peak
intensity. Accordingly, we can conclude that the base metals after brazing heating
and dwell are still the austenitic structures. There are fewer precipitates, hence the
phases with precipitates are not detected.

The brazing dwell and cooling process have little effect on the base metals, conse-
quently such treatments will not produce many precipitates. Therefore, the filler
AgCuNi can be used for brazing tests with the temperature range set between 850
and 1050 oC.
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3.2 Microstructure Features of High-Nitrogen Steel Brazed
Joint

Analysis is carried out of a typical AgCuNi high-nitrogen steel brazing joint. Under
the conditions of the brazing temperature of 850 °C with 20 min of holding time,
the obtained microstructure of the joint is shown in Fig. 8. It can be seen that the
structure of the joint interface appears to be good, without any defects such as voids
and cracks. The joint mainly consists of the Ag–Cu filler layer and the diffusion area
beyond the interface between the filler and the base metal. The filler layer is mainly
divided into the light-colored area A and the dark-colored area B, according to the
contrast difference. The diffusion area mainly includes the high-nitrogen steel base
metal and the zone resulting from the filler diffusion into the base metal.

In Fig. 9, it can be seen that the main elements in the filler metal area are Ag, Cu
and Ni. These are mostly in the light color area, Ag and a few Cu and Ni, zone A.
The B part of the dark regions is mostly Cu, while Ag and Ni constituents are a few.
On the base material side of the high nitrogen steel, it is mainly Fe, Cr, Mn and other
high nitrogen steel elements.

To determine the reaction products and element diffusion between the filler and
the base metal during the brazing process, the interface between the high-nitrogen
steel base metal and the filler at brazed joint was highly magnified to obtain the
microstructure shown inFig. 10. EnergyDispersive Spectrometer (EDS) analysiswas
done on each point shown in the figure and the corresponding chemical composition
is shown in Table 3.

Fig. 8 The microstructure
of a typical high-nitrogen
steel/AgCuNi/ high-nitrogen
steel brazed joint, under the
brazing temperature of 850
°C and holding time of
20 min
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Fig. 9 Surface scan of the main elements on the joint interface. a Ag; b Cu; c Ni; d Fe; e Cr; f Mn

Fig. 10 High power
microstructure of brazing
joint interface
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Table 3 Results of energy spectrum analysis (at.%)

Ag Cu Ni Fe Cr Mn N Possible phase

A 5.86 73.37 0.96 8.45 3.88 7.47 0 Cu[s,s]

B 68.61 14.13 0.25 3.78 4.74 8.49 0 Ag[s,s]

C 1.93 1.97 1.89 57.77 19.31 12.42 4.71 HNS

D 50.41 5.79 0.82 20.31 8.15 9.72 4.79 Ag/Cu/HNS

E 22.03 6.38 8.03 15.80 6.31 4.73 36.72 AgCu/Ni/M2N

It can be seen from Table 3 that point A and point B in Fig. 10 are Cu-rich phase
and Ag-rich phase, respectively. The element at point A is mainly Cu with relatively
small amounts of Ag, Fe, Mn and other elements. That means that a small amount
of Fe and alloying elements in the base metal diffuse into the filler. Since Cu can
dissolve a small amount of alloying elements, point A in the dark-colored area is
devised to be the Cu-based solid solution containing a small amount of Ag, Fe and
Mn, so it’s marked as Cu[s, s]. The element at point B is mainly Ag with a relatively
small amount of Cu, Mn and other elements. Point B in the light-colored area is
devised to be the Ag-based solid solution containing a relatively small amount of
Cu and Mn, so it’s marked as Ag[s, s]. The area C shown in Fig. 10 features as the
main structure in the middle of the Ag–Cu filler layer. According to the silver-copper
phase diagram, it can be seen that the filler composition adopted in this experiment
is at the silver-copper eutectic point, so this area is regarded as the Ag–Cu eutectic
region. In the filler layer we can find that Mn element concentration has increased
compared with other elements of the base metal. That is mainly because the Mn
element will dissolve in the AgCuNi filler to increase the wettability and fluidity,
which contributes to further wetting and spreading of the filler. The element at point
C is mainly Fe as well as a small amount of Cr-Mn alloying element and N. The
atomic percentage of nitrogen is 4.71% and the mass percentage is 1.21%. The
overall element ratio is close to that of high-nitrogen steel, so this area is mainly
the high-nitrogen steel base metal. The element at point D is mainly Ag as well
as Fe, Cr, Mn and other elements with the composition ratio close to that of base
metal. Therefore, it is devised to be the area formed by the diffusion of filler in high-
nitrogen steel base metal. Point E is at the interface between filler layer and base
metal with complicated element structure. Apart from Ag, Cu and other elements of
high-nitrogen steel, there are also a large amount of N element and an enrichment
of Ni. During the brazing process, Ni in the Ni-containing filler forms a transition
layer at the interface between filler and base metal thus making a better bonding with
an effectively improved corrosion resistance (Baskes and Daw 1984; Chang et al.
2020). With regard to a large amount of N, it is supposed that during the brazing
and heat-preservation process, N in the high-nitrogen steel base metal has stronger
diffusivity, while diffusing along the direction of grain boundaries and the interface.
After being aggregated at the interface, it precipitates in the form of nitrides with Fe,
Cr, Mn and other elements.
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To sum up, in the structure of high-nitrogen steel brazing joint, the Ag and Cu
will hardly react with the alloy elements in the high-nitrogen steel without producing
a new intermetallic compound reaction layer. However, the Ag–Cu filler and high-
nitrogen steel base metal diffuse with each other to form the diffusion area at the
joint. A small amount of Cu,Mn and other elements are dissolved in Ag in themiddle
of the joint zone to form the Ag-based solid solution, in which the Ag–Cu eutectic
structure is distributed. The Ni, N element enrichment areas are at the interface of
base metal and filler. Ag and Cu elements diffuse on the base metal side to form a
white striped mixed area. Therefore, the typical joints can be divided into the zones
as follows: (1) the filler layer, that is, the Ag-based solid solution and the Ag–Cu
eutectic structure in the middle of the joint; (2) Ni, N element enrichment area at the
transition layer of the interface between base metal and filler; (3) diffusion area on
the side of high-nitrogen steel base metal.

3.3 Molecular Dynamics Analysis

3.3.1 Fe-Cu and Fe–Ni Diffusion Process

The simulation shown in Fig. 11 is the result of the calculation of Fe-Cu atom
diffusion model at the times of 0 ps, 200 ps, 400 ps and 600 ps at the temperature of
1123 K (850 °C). One can see that when the diffusion gets started, the gap between
Fe and Cu atoms disappears. The right side of atom distribution diagram shows the
concentration distributions of Fe and Cu atoms along the Z axis in the diffusion
direction, (the interface is located at 30 nm on the Z axis). By comparing the four
atomic diffusion models and atomic concentration distribution diagrams at different
periods of time, we can see that as the time goes by, the thickness of diffusion area
gradually increases and the Fe atoms start to diffuse into the Cu lattice. The Fe
atoms on the side of the Cu lattice start to increase, although only a small number
of Cu atoms diffuse into the Fe lattice. During the diffusion process, the thickness
of diffusion area increases as the diffusion time goes by. Note that the concentration
curve of the Fe–Cu diffusion system is basically the linear one, which means that
species diffuse in the holding process mutually without a mesophase compound
generated. Such a result conforms to the ultimate mutual solubility in Fe–Cu binary
phase diagram without the mesophase generated.

The diagram shown in Fig. 12 is the model of Fe–Ni atom diffusion at the time
instances of 0 ps, 200 ps, 400 ps and 600 ps. The temperatures was 1123 K (850 °C).
We can see that when the diffusion gets started, the gap between Fe and Ni atoms
disappears immediately. The subsequent diffusion and migration processes can be
observed. Similar to the Fe–Cu diffusion, the right side, see Fig. 12, shows the atom
concentration distribution along the diffusion direction The interface is located at
the distance of 30 nm. The thickness of diffusion area gradually increases as the
diffusion time evolves. The Fe–Ni atom diffusion is also known as the asymmetric.
More Fe atoms diffuse into the Ni lattice while only a small number of Ni atoms
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Fig. 11 The atomic distribution diagram and the concentration diagram along Z axis of Fe–Cu for
different diffusion time (850 °C): a 0 ps; b 200 ps; c 400 ps; d 600 ps
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Fig. 12 The atomic distribution diagram and concentration diagram along Z axis of Fe–Ni with
different diffusion time (850°C): a 0 ps; b 200 ps; c 400 ps; d 600 ps
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diffuse into the Fe lattice. It can be inferred that the diffusion ability of Fe atoms is
stronger than that of Ni atoms in the Fe–Ni binary system.

Compared to the diffusion in the Fe–Cu binary system, the diffusion area of Fe–Ni
system is thicker, with more obvious diffusion under the same time and temperature
conditions. Moreover, compared to the Fe–Cu diffusion system, the concentration
curve of Fe–Ni system shows a section with a smaller slope in the diffusion domain.
A mesophase is formed in this domain during the diffusion process, which means a
certain amount of Fe–Ni compound is generated (Ouyang et al. 2018). By referring
to the Fe–Ni binary phase diagram, it can be seen that some mesophase including
FeNi, and FeNi3 had been generated between Fe and Ni. This is consistent with the
conclusion of the molecular dynamic simulation.

3.3.2 Atomic Potential Energy in Diffusion Process

At the diffusion time of 600 ps and at three different temperatures, we have compared
the atomic potential energy in the considered Fe–Cu diffusion process. The result is
shown in Fig. 13. The potential energy of an atom is zero in the equilibrium position.
When the atom is away from the equilibrium position, the potential energy changes
to a negative value. The smaller distance between atoms, the greater deviation from
the equilibrium position and the greater absolute value of atomic potential energy.
It can be seen from the figure that in the diffusion process, the absolute potential
energy value of Fe atoms is greater than that of Cu atoms. This means that the
Fe atoms are further away from the equilibrium position and thus become more
unstable. By averaging the atomic potential energy of Fe and Cu at the considered
three temperatures, one gets the results are shown in Table 4. For the same Fe or Cu
atoms, the absolute value of the atomic potential energy increases as the temperature
increases, and the atoms become more unstable and easier to break the barrier to get
diffused.

Similarly, we have calculated the potential energy of each atom in the diffusion
process based on a molecular dynamics simulation. At the diffusion time of 600 ps
and at the three temperatures, we have compared the atomic potential energy in Fe–
Ni diffusion process. The result is shown in Fig. 14. It can be seen that during the
diffusion process, the absolute potential energy value of Fe atoms is smaller than
that of Ni atoms. This means that the atoms start to move away from the equilibrium
positions. Moreover, the Ni atoms get further away from the equilibrium position
and become more unstable. By averaging the atomic potential energy of Fe and Ni at
three temperatures, one obtains the results are shown in Table 5. For the same Fe or
Ni atoms, the result of atomic potential energy appears to be the same as that obtained
in the Fe–Cu diffusion simulation. As the temperature increases, the absolute value
of atomic potential energy increases and the atoms become more unstable and easier
to break the barrier, hence to get diffused.



Joining High Nitrogen Steels with Ag–Cu–Ni Metal Filler 143

Fig. 13 Diagram of Fe–Cu atomic potential energy at 600 ps and the three different temperatures;
a 1123 K; b 1223 K; c 1323 K

Table 4 Average potential
energy of Fe and Cu atoms at
different temperatures

Temperature 1123 K 1223 K 1323 K

Fe −3.8522 eV −3.8717 eV −3.8829 eV

Cu −3.2708 eV −3.2881 eV −3.2975 eV
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Fig. 14 Diagram of Fe–Ni atomic potential energy at 600 ps in different temperatures; a1123 K,
b 1223 K, c 1323 K

Table 5 Average potential
energy of Fe and Ni atoms at
different temperatures

Temperature 1123 K 1223 K 1323 K

Fe −3.8532 eV −3.8731 eV −3.8847 eV

Ni −4.1838 eV −4.1985 eV −4.2066 eV

3.3.3 Diffusion Coefficient

The Mean Square Displacement (MSD) evaluations indicate different diffusion
ability of Fe and Cu atoms as well as the Fe and N atoms, Tables 6 and 7. These data
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Table 6 Comparison of the MSD of Fe and Cu in different time at 1323 K

Time (ps) 60 180 300 480 600

MSD of Fe (10−9m2) 3.27739 5.33243 7.77702 11.4883 14.9785

MSD of Cu (10−9m2) 2.56587 4.73497 7.03857 10.8754 13.7495

Table 7 Comparison of the MSD of Fe and Ni in different time at 1323 K

Time (ps) 60 180 300 480 600

MSD of Fe (10−9m2) 2.60847 3.16528 3.87163 5.36935 6.3628

MSD of Ni (10−9m2) 2.46461 4.73497 3.64864 5.04519 5.9719

can be used to calculate the diffusion coefficient.
The MSD comparison of Fe and Cu atoms is shown in Table 6, from which we

can see that at the given temperature, the MSD of Fe atoms is generally higher than
that of Cu atoms. Therefore, we can infer that the diffusion ability of Fe atoms is
greater than that of Cu atoms in the Fe-Cu binary diffusion system.

Similarly, the MSD of Fe atoms and Ni atoms increases linearly as the diffusion
process continues. The MSD comparison of Fe and Ni atoms is shown in Table
7, from which we can see that at the given temperature, the MSD of Fe atoms is
generally higher than that of Ni atoms. Therefore, we can infer that the diffusion
ability of Fe atoms is greater than that of Ni atoms in the Fe–Ni binary diffusion
system.

4 Conclusions

In this study, high nitrogen steel was bonded by a vacuum brazing process with
AgCuNi as a filler braze. The second phase precipitation of high nitrogen steel
under brazing process was empirically and numerically considered. Typical interface
morphology of the joints was analyzed. Moreover, we have discussed the influence
of different technological parameters on the joint interface structure and mechanical
properties. The specific results of this study can be summarized as follows:

(1) The second phase precipitation behavior of high nitrogen steel exposed to
a brazing process has been analyzed. The phase diagram and cooling tran-
sition curve of high nitrogen steel have been obtained through a thermody-
namic calculation. A conclusion has been reached that the critical temperature
range for the second phase precipitates is 700°C-800°C. Therefore, the brazing
process should be avoided in that temperature range. The calculation illustrates
that the cooling process has little significance for the cooling speed, and the
second phase can be avoided during the furnace. We have established that
the heat treatment of the brazing process studied had a little influence on the
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high nitrogen steel. The brazing temperature range was determined to be 850
°C–1050 °C.

(2) The brazing heating and cooling treatment impact on the high nitrogen steel
was studied. Furthermore, the precipitation of the second phase in the high
nitrogen steel has been considered. Because the critical temperature range is
avoided and the brazing holding time is shorter than the “incubation period”
of the precipitated phase, so the precipitation is reduced. The composition of
the precipitated phase cannot be determined by XRD.

(3) The brazing process is dominantly characterized by diffusion between the
migrating elements. Typical joint structure is mainly the Ag–Cu eutectic of the
filler layer with the element diffusion domain on the substrate material side.
Typical joints domains can be divided into the areas as follows: (1) the filler
layer, that is, the Ag-based solid solution and the Ag–Cu eutectic structure in
the middle of the resolidified braze; (2) Ni and N enrichment area within the
transition layer of the interface between the substrate (base) metal and filler;
(3) elements diffusion area on the side of the high-nitrogen steel base metal.

(4) A simulation ofmolecular dynamics diffusionwas conducted on the Fe-Cu and
Fe–Ni binary systems respectively and obvious mutual diffusion phenomena
were found. The thickness of the diffusion layer has increased with the diffu-
sion time.However, according to the distribution curve of atomic concentration,
one can see that there is only a mutual diffusion process in the Fe-Cu binary
system while in the Fe–Ni binary system there are both a diffusion process and
a generation of the Fe–Ni compound mesophase. According to the calculation
and analysis of (i) the element diffusion MSD and (ii) the diffusion coefficient
in the two systems at different temperatures, one can see that the higher temper-
ature, the greater is atom MSD and the diffusion coefficient, with a stronger
diffusion capacity.
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Additive Manufacturing
with Borosilicate Glass and Soda-Lime
Glass

F. Fröhlich, J. Hildebrand, and J. P. Bergmann

Abstract In this paper, the possibility of additively producing individual 3D-
structures with borosilicate and soda-lime glass based on a laser process with glass
rods is demonstrated. In a previous study, process parameters, which show the
geometrically defined deposition of individual layerswere determined (Fröhlich et al.
in Herstellung individueller Strukturen aus silikatischen Werkstoffen mittels Wire-
Laser AdditiveManufacturing.Wilhelm&Sohn, pp. 287–297, 2020). These findings
are used to create single-layer walls, flat applications and free-form structures. The
focus is on the additive manufacturing of large-volume components compared to the
current state of the art. A CO2 laser is used to create a melt pool on the substrate
surface. The rod-based additionalmaterial ismelted to create 3D-structures. The ratio
between process speed and feed speed, as well as the laser power, remains constant
during the experiments, as does the temperature in the process chamber. The fabri-
cated structures are subjected to thermal post-treatment to reduce thermal stress.
Remaining residual stresses are investigated with photoelasticity. The samples are
quantified with destructive and non-destructive materialographical tests to determine
the geometric dimensions. Taking into account the previous process parameters, the
results achieved are discussed and evaluated with regard to the width, height of the
layer and the bonding angle. The height adjustment in relation to the layer height is
discussed in order to avoid shape deviation. The major objective of the investigation
is to achieve near-net-shape production with a low tensile residual stress state in
order to reduce the degree of post-processing.
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1 Introduction

Properties of glass, such as transparency, thermal linear expansion, chemical and
thermal resistance, is increasingly used in additive manufacturing technologies this
material. The different technologies open up new possibilities in the production
of glass and functionalities of the resulting components, which are not technically
possible with the previous technologies. The layer-by-layer construction of compo-
nents gives the designer freedom in functionality and design, which is limited by the
starting material and the additive manufacturing technology. Possible 3D-Printing
technologies for glass are Selective Laser Sintering (SLS) (Klocke et al. 2004; Lee
et al. 1995), Selective Laser Melting (SLM) (Fateri et al. 2014; Fateri and Gebhardt
2015; Kinzel et al. 2014; Khmyrov et al. 2014; Khmyrov et al. 2016), Fused Deposi-
tion Modeling (FDM) (Klein et al. 2016, 2012; Seel et al. 2018; Gal-Or et al. 2019),
Stereolithography (SLA) (Kotz et al. 2017, 2016; Liu et al. 2018), Direct InkWriting
(Nguyen et al. 2017) and Direct Energy Deposition-Laser (DED-L) (Fröhlich et al.
2020; Kinzel et al. 2014; Luo et al. 2016, 2017, 2018; Witzendorff et al. 2018; Grabe
et al. 2021).

However, glass has extremely high melting temperatures, non-linear thermo-
mechanical properties of glass and is sensitive to thermal shocks (Schaeffer and
Langfeld 2020). This poses different challenges for the additive manufacturing
processes mentioned. In the SLS or SLM process, glass is typically fed as a powder
material. During production, the laser moves over the powder bed layer by layer and
scans the object contour. Depending on the possible packing density of the glass
powder, cavities between the grains being fused during production and remaining in
the component lead to defects similar to bubbles (Kinzel et al. 2014). If the density
of the manufactured component is to be increased, it is subjected to thermal post-
treatment. This subjects the component to shrinkage and consequently to geometric
deviation (Klocke et al. 2004). Kinzel et al. (2014) shows the advantages of using
solid material as compared to powder to manufacture optical components. In the
AM technology SLA and Direct Ink Writing, a composite material containing glass
powder is used as the starting material (Kotz et al. 2017, 2016; Nguyen et al. 2017).
The production of a green body from the glass-containing composite material can
be done at room temperature. To obtain a glassy body, the green body compact must
be subjected to a long heat treatment process. During this process, the solvents and
organic binders outgas from the green body. The outgassing requires volatile binders,
which also limit the thickness of the wall structures produced (Gal-Or et al. 2019).
However, these processes are suitable for small-scale objects with a high level of
detail. This contrasts with FDM,where Klein et al. (2016) can achieve a print volume
of 460 mm3/s according to the design. The average height of a layer was 4.5 mm and
the width 9.5 mm with a contour deviation of 0.5 mm (Klein et al. 2016). A typical
feature of the technology is the distinct layer structure, which creates a wavy surface.
Because gravity is used to feed the molten glass from the crucible through the nozzle,
a constant fill level is necessary here. The varying filling level had a negative effect on
the printing result. It was observed that the glass stuck to the nozzle during printing



Additive Manufacturing with Borosilicate Glass and Soda-Lime Glass 153

rather than to the colder previous printed layer (Klein et al. 2016). The wear that
occurs on the crucible, i.e. the detachment of surface particles from the crucible wall
by the molten glass, also has a negative effect on the printing result (Vogel 1993). In
the DED-L technology, a melt is created on the sample surface of the glass with the
energy carrier laser, into which the filler material is fed and melted (Fröhlich et al.
2020; Kinzel et al. 2014; Luo et al. 2016, 2017, 2018; Witzendorff et al. 2018; Grabe
et al. 2021). For glass processing, the use of aCO2 laserwith awavelength of 10.6μm
is typical, as glass is opaque in this range (Gräf et al. 2013). Defects caused by inho-
mogeneities due to powdery starting materials or particles of the technical periphery,
stress cracks due to wall thicknesses and lack of opportunities for outgassing solvents
and organic binders can be avoided for large-format components if solid material is
used for additive manufacturing without intermediate steps. If fibres are used as filler
material, they are covered with a polymer coating for better handling. The coating is
removed mechanically in an additional step before feeding or melted off by the laser
(Witzendorff et al. 2018; Grabe et al. 2021). However, there is a risk that particle
residues can get into the melt. For optical elements, Luo et al. (2018) have shown
that the use of glass rods achieves good results. If glass rods made of soda-lime glass
are used, it is necessary to preheat the substrate with a hot plate in order to keep the
thermal shock as low as possible (Luo et al. 2017). Due to the high thermal shock
resistance of quartz glass, a heating plate for substrate preheating is not necessary
(Luo et al. 2018; Grabe et al. 2021). Increasing the number of layers, the distance
between the manufacturing point and the preheated substrate will be greater. Due to
the poor thermal conductivity of glass, only the first layers are sufficiently preheated
for manufacturing. From the point of lowering heat influence from the hot plate,
the thermal gradient between the fabrication point and the base plate increases. This
leads for glasses like soda lime and borosilicate glass to a greater susceptibility to
cracking during the additive manufacturing process.

In this work, the possibility of additive manufactured individual 3D structures
from borosilicate and soda-lime glass based on a laser process with glass rods is
demonstrated. Knowledge from previous work is used to create single-layer walls,
planar applications and individual structures. The focus is on the additive manu-
facturing of large-volume components compared to the current state of the art. In
addition, an experimental setupwill be created that can process several types of glass.

2 Experimental Setup and Preliminary Work

With the aim of developing a process that guarantees the additive manufacturing of
individual structures made of glass, both in height and in planar area, the greatest
potential was seen in the Direct Energy Deposition Laser (DED-L) process. A CO2

laser is used to create a melt pool on the surface of the substrate. The rod-shaped
additional material is fed and melted to create 3D structures (Fig. 1) (Fröhlich et al.
2020). The relative movement in the plane (X–Y) of the specimen to the working
point is implemented by two linear tables offset by 90° in their direction ofmovement.
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Fig. 1 Sketch of the experimental setup of the Direct Energy Deposition Laser process (Fröhlich
et al. 2020)

Geared DC motors with the SM 400 control move these. The shift of the working
point in height is implemented by moving the focussing unit along the Z-axis. A
heating plate is used to reduce the thermal gradient in the additive manufacturing
of borosilicate and soda lime glass. The accessibility of the set-up enables the use
of non-contact measuring methods. A thermal imaging camera (model MC320FHT)
from the company LumaSense Technologies GmbH is used to monitor the tempera-
tures generated in the process. The calibrated temperature range extends from 400 to
1800 °C. Maximum temperatures of up to 2100 °C can be measured. The measure-
ment uncertainty according to the manufacturer is ± 2 K or 2% of the measured
value. The thermal imaging camera is aligned at an angle of 30° to the laser beam and
orthogonal to the direction of manufacturing. The reduction of the thermal gradient
generated by the laser beam from the glass surface during additive manufacturing is
implemented by the focusing unit method. A stronger defocusing of the laser beam
increases the interaction range between the laser beam and the glass surface. The
CO2 laser beam source used (Synrad firestar f400, λ = 10.6 μm, continuous wave)
is aligned perpendicular to the specimen. The majority of the area of the incident
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laser beam diameter is used to heat the substrate. The calculated interaction diam-
eter between laser and glass surface is approximately 10 mm. The distance between
the focusing unit and the substrate surface was not changed during the experiments.
The feeding unit is a proprietary development. A stepper motor constantly feeds the
additional material into the melt at a speed of 1 mm/s via a linear rail. By means
of a manual three-axis positioning system, the feed point of the additional material
can be adjusted to the melt. The feed angle is adjusted by a turntable and remains
constant during the tests at an angle of 30° between the feed axis and the CO2 laser
beam. The direction of feed and the direction of movement of the object table are in
the same direction, which results in a dragging arrangement. Borofloat® and float
glass from SCHOTT are used as specimens for the experiments. The dimensions
of the specimens are 50 × 50 × 3 mm. The additional material used are glass rods
made of Duran® (2 mm diameter) and AR-Glas® (3 mm diameter) from SCHOTT.
It has been shown that the thermal gradient between the substrate and the working
point grows with increasing component height. The working point moves further
and further away from the zone of the sample that is thermally influenced by the
hot plate. In order to avoid thermal fracture of the sample, the experimental setup is
changed as shown in Fig. 2. Due to the oven bell, a measurement with non-contact
measuringmethods is now not possible. Therefore, the previous measurement results
and findings are used to draw conclusions about the process inside the oven bell. A
Synrad firestar f201 with λ = 10.6 μm in cw mode was used for the setup shown in
Fig. 2. The heating plate was replaced by an oven bell. Inside the process chamber,
a constant temperature of 500 °C was maintained during the experiments with a
deviation of± 15 K. The movement of the specimen inside the process chamber was
realised with a three-axis system. Stepper motors drive the linear axes, which are
controlled by a CNC card module. In this setup, the focusing unit is not moved, the
constancy of the working point in the layer build-up is ensured by the z-axis of the
object table. The feed direction for the experiments was perpendicular to the object
table speed.

3 Results

The morphologies of the additively manufactured layers produced in the previous
investigations (Fröhlich et al. 2020) confirm the results of Luo et al. (2017). By
using rods with a diameter of 2 mm (borosilicate glass) and 3 mm (soda-lime glass),
a higher laser power is necessary compared to Luo et al. (2017). The line energy for
individual additively manufactured layers is calculated as follows (1):

E = P

vO
(1)

The line energy refers to the laser power and the object table speed and has the unit
J/mm. The ratio between the object table speed and the feed rate remains constant
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Fig. 2 Adaptation of the experimental set-up for the Direct Energy Deposition Laser process,
replacing the heating plate with a furnace bell

during the experiments.

f = vZ
vO

(2)

Experiments conducted with the set-up (Fig. 1) had a constant ratio f = 1. The
heating unit had an average temperature of 515.5 °C at its surface with a standard
deviation of 7K. In a rangewith a line energy of 172 J/mm to 202 J/mm, average layer
widths of 5.5 mm and layer heights of 2.25 mm could be produced with borosili-
cate glass. It was observed that with increasing number of layers, the influence
of thermal conduction and convection of the heating unit steadily decreases. The
resulting thermal gradient during production increased over the height of the addi-
tively manufactured structure. This means that there is no heat accumulation in the
structure. In a false colour image Fig. 3, the temperature distribution on the glass
surface of the structure can be seen qualitatively. The emission coefficient for glass
was ε = 0.8 (manufacturer’s specification). The temperature curves of the ROI 1
line (Fig. 3) can be seen in Fig. 4. A striking point is the interaction area between
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Fig. 3 False colour image of the temperature distribution on the surface of the sample. The left
image a shows the process of the first layer. The right picture b shows the process during the
fourteenth layer. The bottom picutre c shows a sketch of the 13 layer structure with ROI 1 and 2.
The emission coefficient for glass was set to ε = 0.8 (manufacturer’s specification)

the defocused laser and the specimen at the base of the structure. Each layer is
exposed to a different thermal load. This leads to the remaining thermal stresses
exceeding the stresses that the material can withstand during cooling or renewed
abrupt heating. Figures 4 and 5 show that high temperature gradients occur in the
additive manufacturing of glass.

Above the glass transition temperature TG (Duran® TG = 525 °C), it is assumed
that glass has a liquid state (Jebsen-Marwedel and Brückner 2011). This explains the
compensation of the prevailing temperature gradients around the centre of the glass
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Fig. 4 The temperature curve is shown as a line profile along the ROI 1 line (Fig. 3). Measured
from the centre of the glass melt over the height of the structure. No quantitative value can be
assigned on the x-axis to individual pixels due to the inclination and low resolution of the thermal
imaging camera

melt. In the edge regions of the structure, visible at the transition from ROI 2 layer
14 at the end of the layer (Fig. 5), the temperature gradient between structure and
specimen is approximately 100K. The further away the layer is from the heating unit,
the temperature approaches room temperature and the temperature gradient becomes
greater. The prevailing temperature cannot be displayed in Fig. 3 because it is outside
the measuring range of the thermal imaging camera. At temperatures below the glass
transition temperature TG, it is assumed that glass takes on the behaviour of a solid
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Fig. 5 The temperature curve is shown as a line profile along the ROI 2 line on the surface of the
top layer. Measured from the beginning of a deposited layer to the end of deposited layer on the top
of the structure. No quantitative value on the x-axis can be assigned to individual pixels due to the
inclination and low resolution of the thermal imaging camera

(Jebsen-Marwedel andBrückner 2011). Thus, the tolerable temperature gradients are
much lower and this has been shownduring the experimental tests. In our experiments
the number of possible layers ran into the limit of about 15 layers, after which the
structures broke due to thermal stresses. To manufacture higher structures additively,
the experimental setupwasmodified. The addition of a furnace bell enables a constant
ambient temperature (Fig. 2). For the further experiments, the ratio f was changed to f
= 1. The laser power could be reduced to P= 79Wwith a variance of± 4watts. This
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corresponds to a line energy of 79 J/mm. With these values, specimens were made
with both borosilicate and soda lime glass. Compared to the fabricated structureswith
the structure in Fig. 1, the structures with the experimental setup in Fig. 2 do not have
the waviness of the applied layers similar to the FDM process. The single layers are
homogeneously bonded and do not show any notches at the sides. In the transition
between sample and structure, an optical separation can be seen. According to Vogel
(1993) and Jebsen-Marwedel and Brückner (2011), the optical separation can be a
streak in the glass, which is formed due to a viscosity difference. In the further layer
structure of the single trackwall (Fig. 6) such optical separations are not visible. It can
be concluded from this at a homogeneous temperature field and thus a homogeneous
viscosity existed. Due to the oven bell, non-contact measurement methods and the
temperature prevailing there, contact measurement methods could not be used for
temperature measurement. Figure 7 shows a planar application. Here, three layers

Fig. 6 Cross-section of a borosilicate glass specimen. An one-track wall with 32 layers i applied
to the specimen. There is a visible layer separation at the transition between the specimen and the
structure

Fig. 7 Schematically, theDED-L process has been drawn in both figures. a Shows the cross-section
of (b). b Shows the top view of the structure. The individual glass streaks can be seen, which are
parallel to the direction of additiv manufacutring process. The pictures are taken under a light
microscope
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Fig. 8 Shows a component made of borosilicate glass with 83 layers and a height of 50 mm after
thermal post-treatment. On the left in a, the component is examined with the photoelasticity for
differences in the optical path difference in order to draw conclusions about stress concentrations.
b Shows the front view and c the side view with the existing final contour

were deposited on the surface. Figure 7a shows the cross-section of Fig. 7b. Figure 7b
shows the top view of the structure. The individual glass streaks can be seen, which
are parallel to the direction of additive manufacturing process. Figure 7a clearly
shows a mixing of the layers. The number and distinctness of the streaks indicate
that different temperature conditions prevail when applying a layer to a surface
compared to the construction of a single track wall. In order to prevent fracture in the
structure during cooling to room temperature and to minimise thermal stresses in the
component, it is thermally post-treated. After the manufacturing process, the oven
was switched off and the sample cooled downwith the oven. The componentwas then
examined for existing stresses using the Strainscope S3/180 device from ilis. The
optical path difference was analysed. This shows the sum of existing stresses over
the thickness of the component (Fig. 8a). The wavelength of the light is accelerated
or slowed down depending on the existing stress in the component. The interference
of the outgoing light wave with the measured light wave indicates the optical path
difference and allows conclusions to be drawn about the stresses present in the
component. The black area in Fig. 8a shows the support, which cannot be penetrated
by light. This was necessary to align the component perpendicular to the beam path
of the photoelasticity. Figure 8b shows the front view of themanufactured component
with 83 layers and a height of 50 mm. Figure 8c shows the component in side view.
The attachment points of the new glass rod can be clearly seen in both pictures.
In the lower third of the structure, a slightly wavy surface is only visible in the
photoelastic view. A concentration of stresses is present at the transition between
specimen and structure. Indicated optical path differences in the edge areas or on the
wavy surface can also be due to changed reflection or transmission conditions on the
curved surface.
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4 Conclusion

With the extended experimental setup of the DED-L process, we were able to show
that the additive manufacturing of individual large-volume glass components is
possible compared to the state of the art. The use of glass rods creates a basis that
coloured glass rods can also be selectively fed. Furthermore, the processing of quartz
(Fröhlich et al. 2020), borosilicate and soda-lime glass has been demonstrated with
the experimental setup. Other types of glass, provided they are available as rods,
are conceivable with this set-up, as it is possible to adjust to the type of glass by
regulating the ambient temperature in the process chamber and adjusting the laser
power. The temperature measurements show that the interaction between the laser
and the glass creates very high temperature gradients of up to 1500 K on the surface.
In order to better distribute the resulting thermal stresses, the entire component must
be kept around the glass transition temperature during production. It has been shown
that streaking occurs more frequently in the glass when applied to the surface. This
may be due to changing thermal boundary conditions compared to a one-track wall.
To reduce the formation of streaks, further tests are planned with variation of the
temperature in the process chamber, change of the ratio of the interaction area glass
and laser in relation to the rod thickness and thermal simulations. The implemen-
tation of temperature measurement technology in the extended setup will help to
generate more data and understanding of the prevailing temperatures in the process
zone. The cooling of the sample with the switching off the furnace has shown that
residual stresses are still present in the component.

Investigations with controlled cooling to reduce the stresses to a minimum are
planned. A near-net-shape production could be implemented, but a post-processing
is still necessary. Particular attention is being paid to the starting points of new glass
rods. The waviness in the surface can be compensated by laser polishing.
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Characterization of Layer Properties
for Components Made of Lignin Based
Filaments Manufactured by Material
Extrusion

M. Fiedler, F. Fischer, and K. Droeder

Abstract The reduction of petroleum-based components is an important issue in the
polymer-industry. The long-term-effects of using these materials and their disposal
procedures on the environment are critical. The main focus is increasing due to the
use of renewable, wood- and bio-based raw materials in polymeric matrices. In this
study, lignin-sulfonate (LGS) is used, a cheap feedstock from biomass, to develop
sustainable polymers for consumption in additive manufacturing (AM). Today, there
is very limited utilization of wood-based materials substituted for petroleum-based
polymers for the fused deposition modeling (FDM). As petroleum-based polymers
are used often, the purpose is to find a sustainable composite for FDM. Therefore,
the polymer acrylonitrile–butadiene–styrene (ABS) is combinedwith lignin as a next
generation bio-based composite. To determine the thermal properties, the mentioned
materials ABS and LGS are first examined using thermal gravimetric analysis (TGA)
and differential scanning calorimetry (DSC). In order to determine whether the addi-
tion of lignin has a positive effect on layer adhesion in the FDM process, the results
are compared with a conventional ABS Filament by using defined parameters. The
main objective of adding bio-based materials in polymeric matrices for creating a
printable green filament with sufficient adhesion properties can be made. The results
suggest that bio-based filaments can be made as a more sustainable and low-cost
material.
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1 Introduction

The use of sustainable components is a major topic in automotive applications. The
renewable material wood, being used in combination with various materials such as
technical polymers, offers a high potential for producing innovative components and
alternative automotive materials with an improved CO2 footprint. This research and
development are essential for aiming the global climate goals. As a first step into
emission-free mobility, the innovation of sustainable components based on circular
economy techniques in the automotive industry will be explored. Next to new solu-
tions for vehicle concepts and energy sources, the topics weight reductions and
sustainable production are also essential for a future-oriented and ecological mobility
(Mainka et al. 2015).

Technical requirements for future components in the automotive industry focusing
on lightweight construction, resource- and cost efficiency. The use of renewable
raw materials, such as wood and bio-based polymers will increase. Several studies
mentioned the use of lignin, as a waste product of the pulp and paper industry with
a high production volume, for industrial applications (Asada et al. 2005; Cazacu
et al. 2004; Thielemans andWool 2005). The sustainable material wood, as the most
common renewable material in our environment, offers a high potential for applica-
tions in the automotive industry with regard to the specific mechanical properties.
Used in combination with technical polymers the hybrid structure can be further
optimized and adjusted to component-specific requirements (Song et al. 2018).

Lignin, as waste product from the pulp and paper industry and next to cellulose
the second most abundant plant based renewable material in wood structures, has
been a research topic for more than 50 years (Freudenberg and Neish 1968). It’s
heterogeneous structure and non-uniform quality concludes in different chemical
and physical modification steps to convert it in an effective product. As a result, the
associated processes become more energy and also cost intensive and the successful
commercialization failed (Kadla et al. 2002; De Wild et al. 2009; Azadi et al. 2013;
Ragauskas et al. 2014; Steward 2008). During the last decades the integration of
lignin within polymeric matrices enabled the preparation of lignin-based composites
for industrial applications. But these applications focusing on conventional manu-
facturing methods such as injection molding or casting (Thakur 2014; Rozman et al.
2000; Toriz et al. 2002; Tran et al. 2016; Saito et al. 2012).

The Additive Manufacturing (AM) technologies have spread rapidly in the last
decade. Themost common used technology inAM is the FusedDepositionModeling
(FDM). FDM uses thermoplastic filaments melted at high temperature and solid-
ified when cooling. In most use cases the objects are built from the bottom to
the top (Go and Hart 2016; Kalsoom et al. 2016). All processes are digitized and
computer-controlled, no additional costs are required for design complex geometries
and structures. Less waste and chemicals are produced in comparison to traditional
manufacturing processes. Therefor FDM is a promising and sustainable technology
with high energy efficiency and low environmental effects (Wimmer et al. 2015;
Campbell et al. 2011). Actually, there is very low utilization of bio-based materials
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substituted for petroleum-based polymers (Bhatia and Ramadurian 2017). In addi-
tion to the mentioned low environmental effects by using these new techniques, there
is now a growing interest in bio-based, bio-compatible and bio-added material for
3D-printing. Unlike regular thermoplastics, wood-based materials are challenging
to melt processes (Nguyen et al. 2018; Wimmer et al. 2015; Bhatia and Ramadurian
2017; Gardan and Roucoules 2014; Henke and Treml 2013).

Due to itsmechanical performance andgoodFDMcompatibility the thermoplastic
polymer Acrylonitrile butadiene styrene (ABS) is one of the most common used
3D-printing filaments (Bhatia and Ramadurian 2017; Nguyen et al. 2018).

In this study Lignin-sulfonate (LGS) and petrol-based ABS was composed to
develop a sustainable filament for the FDM process. Due to their different chemical-
, thermal- and mechanical properties the objective was to create a suitable process
for combining those materials. At the end the developed material had comparable
mechanical performance to common petroleum-based materials and excellent 3D-
printability. As a limitation, it has to be mentioned that the olfactory perception of
the manufactured objects has to be classified as negative. The sulphonic acid group
of the LGS, which is shown in Fig. 1, emits the characteristic odor of sulfur.

At first, the manufacturing process of lignin-based filament is investigated.
To determine the thermal properties, the mentioned materials ABS and LGS are
first examined using thermal gravimetric analysis (TGA) and differential scanning
calorimetry (DSC). Based on the thermal properties, both materials are mixed in
differentweight percent,with a lignin content up to 40weight percent (WT%). Impor-
tant tensile tests according to DIN EN ISO 527-2 were printed and the microscopic
examination of the fractured surface are made.

Fig. 1 Chemical structure of lignin-sulfonate
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Fig. 2 Configuration of the extruder-screw

2 Experimental

2.1 Materials

The used ABS is a conventional polymeric filament for the FDM process. The used
filaments were commercialized by Ultimaker Holding B.V. and purchased from a
reseller for 3D-Printing applications. The used lignin is magnesium lignosulphonate
gained from the magnesium bisulphite process. The lignin was sourced by the paper
production at Sappi Biotech GmbH in Germany.

2.2 Composite Processing

The filament has been shredded into pellets and both materials were mixed at 210 °C
and 300 rpm by using a Coperion ZSK18ML extruder (Fig. 2). LGS powder is added
to the process behind the solid-feed section andwas added after the ABS. Themixing
time was at least 20 min and four different composites were made out of lignin. In
each process the amount of Lignin in the filament was increased of about 10 wt%. It
was started at 10 wt% Lignin at ends with 40 wt% Lignin.

The manufactured blends were stored at room temperature in a closed tank. After
a mandatory drying process, the blends weremanufactured by a 3Devo Precision 350
extruder to a proper 3D-Printing filament. Due to the four adjustable heating-zones
the material was extruded between 205 and 220 °C. The screw works at about 7 rpm
and the filament diameter was set to 2.85 mm ± 0.1 mm.

2.3 Thermal Analysis

The tests are made at normal climate, the preconditioning was done according to
DIN EN ISO 291 at 23 °C and relative humidity of 50% for at least 16 h. Thermal
characteristics of all samples were quantified by a thermo-gravimetric analyzer (TG
209 F1 Libra Netzsch-Gerätebau GmbH) according to DIN EN ISO 11358 with
sample weight of 90 mg. To remove moisture, the sample was loaded and kept
isothermal at 100 °C for 20min. From30 to 600 °C themeasurementswere performed



Characterization of Layer Properties for Components Made of Lignin … 171

in nitrogen atmosphere, then ramped to 900 °C by using oxygen atmosphere and a
ramp rate of 20 K/min.

By using a differential scanning calorimeter (DSC 204 F1 Phoenix ASCNetzsch-
Gerätebau GmbH) the glass transition temperature (Tg) and heat capacity change
(Cp) were investigated. The measurements were performed according to DIN EN
ISO 11357 in nitrogen atmosphere. After removing the thermal history with the first
cycle, the second cycles were almost identical. To measure the Tg and Cp of these
samples the second cycles were used.

2.4 Printing Process

The filaments are printed to specimens in accordance to DIN EN ISO 527 Type 1A
using the FDM process. They are printed in the xy-plane and the z-direction, also
shown in Fig. 3, to compare the mechanical properties of the specimens in different
printing directions.

In general, low printing speeds and higher temperatures produce better results
(Johansson 2016). Therefore, an Ultimaker equipped with a 0.4 mm diameter nozzle
was used to print the filaments and the chosen geometrieswere sliced by anUltimaker
specific Cura-Software. To avoid possible warping effects when printing with ABS
the fan-speedwas set to 0%and theUltimaker’s building space is completely capsuled
for better layer adhesion. Due to the results from the thermal analysis, we used a
specific set of printing parameters in this study. The printing temperature was set
to 230 °C, bed temperature was set to 110 °C in accordance to the measured glass
transition temperature and the sprinting speed was about 15 mm/s to avoid damages
by printing in z-direction due to leveraging effects.

Fig. 3 Printing strategies for
specimens
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2.5 Mechanical Measurements

The tensile tests are also made at normal climate, the preconditioning was done
according to DIN EN ISO 291 at 23 °C and relative humidity of 50% for at least
16 h. The tensile mechanical properties of the studied materials were received with
a uniaxial fixture using the Z250 Xtens ZwickRoell. Test conditions and parameters
were chosen according to DIN EN ISO 527–2. The measured data were analyzed by
using the TestXpert software provided by ZwickRoell.

2.6 Optical Analysis

In order to gain a deeper level of knowledge for the characterization of the material,
microscopic analyses were performed. The filaments used to produce the test speci-
mens, the fractured edges and the surfaces of the tensile specimens were evaluated.
The filaments were inspected by an Axio Imager 2 microscope from the Carl Zeiss
Microscopy GmbH.

3 Results and Discussion

3.1 Thermal Properties

In Fig. 4 the thermograms from the TGAwere shown to evaluate the thermal stability
of ABS in comparison with different lignin contents. The residual mass at 900 °C
is shown for each filament. The material properties strongly depend on the structure
formation within the composite. By comparing the different adhesive systems, it is
shown that in the temperature range up to 200 °C the composites remain stable.
Some smaller mass changes below this temperature takes place. Due to the fact,
that the only difference between each sample is the amount of LGS, there might
be condensation effects between the components in which water evaporates at the
lower temperatures. The second visible reactions are shown at about 270 °C as
the first polymeric degradation and stops at 420 °C. That means, that the curves
deviation from the pure ABS depends on the LGS content and the relocation of
early thermal degradation takes place by increasing the amount of LGS at lower
temperatures. From about 420 to 600 °C the curves split up into four different mass
change stages, which cause on an increase of the lignin content. The thermal stability
of the compound system increases as the percentage of lignin increases. Above
temperatures of 600 °C, a plateau is reached, that means a constant mass sets up,
at that point the atmospheric gas was changed from nitrogen to oxygen in order to
burn off the remaining components. The remaining ash, is an an-organic residual
mass. For larger lignin contents, the residual mass correlates with the LGS content
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Fig. 4 TGA curve of the ABS filaments with different lignin contents

in the matrices. While the reference sample has a residual mass of about 0.0%, the
sample with 40 wt% lignin has a residual mass of about 3%. The sensitivity to high
temperatures decreases, due to the shown high temperature durability of the polymer
structure. The thermo-gravimetric results show that LGS can only slightly improve
the thermal stability of the ABS at high temperatures.

The flowbehavior an the thermal transitiomof these composites are critical factors
directly affecting their usability in 3D-printing applications (Nguyen et al. 2018).
Figure 6 represent the thermal characteristics for the manufactured blends from
10 wt% lignin up to 40 wt% lignin. The step change at about 110 °C indicates the
glass transition temperature (Tg). In this study two independent runs for each sample
were made. For the characterization of Tg we only take a look at the second cycle.
The first cycle was used to remove the thermal history.With higher amounts of lignin,
the glass transition temperature moves slightly to the left side of the diagram. Higher
lignin contents cause slightly lower Tg. As all temperatures vary by a maximum of
one degree, the deviation can also be caused by measurement inaccuracies. With the
use of DSC, it was possible to conclude that high mixtures of ABS and lignin are
possible and that the bonding of the two materials takes place in partial amounts.
The peak in the evaluation curve indicates lignin, since ABS as a semi-crystalline
polymer does not have a melting peak, such a peak is characteristic for the first
heating curve of lignin. The peak is the residual moisture of the hygroscopic lignin
that escapes from the material by evaporation. At this moment a melting peak is
simulated. The amount of required energy in relation to the mass of lignin is greater
in the reference than in the composites. This can be explained by the fact that lignin
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in the composites has already been seen several heating cycles and therefore contains
less residual moisture per wt%. Lignin behaves more duroplastic than thermoplastic,
no glass transition or melting peak of the material can be identified in the DSC curve.
The glass transition of the ABS does not change despite the addition of lignin.

During the utilization of lignin in the compound materials, it must be ensured that
the utilization temperatures are aligned according to the thermally more unstable

Fig. 5 Measured heat flow in DSC for ABS and LGS

Fig. 6 Measured heat flow in DSC for different wt% LGS
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component, the lignosulphonate. The stability of the material mixed with ABS, is
lower than the pure ABS without further additives. The lignin did not deteriorate
during processing into a composite at temperatures up to 250 °C for a shorter period
of time. The decomposition of the lignin starts at a temperature of 180 °C, the
decomposition of the ABS starts at 350 °C. By fabricating this composite at higher
temperatures, the properties of the pure lignosulphonate will be reduced due to the
absence of the intact component. Due to the thermal stability of the aromatic struc-
tures in the lignin, the degradation of the lignin starts early but nevertheless a very
high residual mass remains.

3.2 Mechanical Performance

The tensile specimens were printed and tested in accordance to DIN EN ISO 527-
2. Therefor the manufactured blends, as mentioned above, were manufactured by
a filament extruder to a proper 3D-Printing filament. Due to the four independent
adjustable heating-zones we decided to extrude the material between 205 and 220 °C
(Fig. 7). The screw turns with 7 rpm and the filament diameter was set to 2.85 mm±
0.1 mm (Fig. 8). Filaments can only be printed without errors if the diameter devia-
tions are smaller than±0.10mm.Diameter deviations greater than±0.10mm, results
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Fig. 7 Temperature profile for material extrusion

Fig. 8 Filament diameter
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Fig. 9 Tensile test data xy-direction

in clogging printer nozzles or over-extrusion during printing. Too small diameters
leads in lower extrusion rates and defects due to missing material in the component.

By modifying the ABS-based FDM filament with lignosulphonate we are able to
produce materials with advanced mechanical performance (Fig. 9). For lower lignin
contents (<20 wt%) the good elongation characteristics of ABS, combined with the
aromatic structures of lignin causes in reinforcement effects with weaker ductility.
Adding high amounts of lignin in the ABS matrix causes in lower ductility and
brittle structures with less performance than the pure ABS (Fig. 9). The possible
tensile strain of ABS-LGS-6040 is much smaller, than the pure ABS filament. For
ABS-LGN-9010 the Tensile Young’s modulus raises from 1.42± 0.24 GPa for pure
ABS up to 2.19 ± 0.06 GPa. Due to lignin’s very low molecular weight, adding
high amounts (>20 wt%) in the ABS matrix causes in brittleness. Analogous to the
mentioned strain-rates, the Tensile Young’s modulus decreases from 1.42 ± 0.24
GPa for the pure ABS down to 0.85± 0.23 GPa (Fig. 10). The specimens printed in
the z-direction have much lower stress- and strain-rates than the specimens printed
in the xy-plane. The strain rates from the specimens printed in z-direction are six
times lower compared to specimens printed in xy- plane (Figs. 10, 11, and 12). This
indicates that the layer adhesion also decreases with increasing lignin content, since
the individual layers separate more easily from each other due to delamination.

3.3 Optical Analysis

In the microscopic images, the lignin is easily identifiable as a component of the
composite due to some agglomerates (bright dots in the filament cross-section).
It can be concluded that ABS and lignin do not react with each other. In Fig. 13
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Fig. 10 Tensile Young’s modulus

Fig. 11 Strain rates in comparison to xy- and z-direction

ABS-LGS-9010 and ABS-LGS-6040 are shown. In the filament with 40 wt% LGS,
more larger agglomerates (light brown dots) are visible, compared to the filament
with 10 wt% LGS. In addition, the material is more porous, which can be seen by
the black dots. It can also be seen that the filament becomes more porous with a
larger mass fraction of lignin. This can be seen from the lighter discoloration of
the cross-section and the fine pores. Lignin is therefore only enclosed by the matrix.
However, intermolecular interactions can occur between the materials. The so-called
π-π-stacking results in an interaction between the aromatic structures of ABS and
lignin. Due to the delocalized electrons in the aromatic compounds, mesomerism
effects occur, leading to high binding forces (Kubik 2005).

Material strengthening effects can be demonstrated for the specimens produced
with the addition of a maximum of 20 wt% LGS in the xy-plane. The specimens
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Fig. 12 Stress rates in comparison to xy- and z-direction

Fig. 13 Comparison of ABS-LGS-9010 and ABS-LGS-6040

prepared in the z-direction experience rapidly worsening mechanical properties with
the addition of LGS. Premature material failure occurs, caused of weak layer adhe-
sion. This can also be seen in the microscopic analysis of the fracture surfaces
(Fig. 14). The fractures of the z-specimens are located between the layers. Though up
to three layers are usually affected by the fracture, the layers are clearly identifiable
and not affected in a continuous transition.

4 Conclusion

In this work, the mechanical and thermal properties of lignin-based compounds are
characterized for FDM printing in comparison to petroleum-based filaments. The
composition of lignin filaments has an effect on the properties of the composite
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Fig. 14 Fractured surfaces

material and change the mechanical characteristics. It can be shown, that lignin as a
bulkmaterial in petroleum-basedmatrices can increase strength. Themicroscopic test
of the produced filaments shows inhomogeneities by high level lignin contents due
to agglomeration effects. Higher the lignin contents in the filament, causes in more
frequently defects and blockages in the printer nozzle. Furthermore, lignin appears
to be highly abrasive. The printer nozzle had to be replaced after several prints of the
filament in order to be able to print further components with the material. The strong
directional dependence of the printed structures alsomust be taken into account. This
can be solved by constructivemodifications to the geometry. Altogether, it shows that
the bio-based additive lignin can be added to conventional ABS filaments up to high
lignin amount of 40 wt% and this improves particularly the mechanical properties
and the use of hybrid bio-based materials.
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Practical Implementation and Validation
of a Novel Process for Manufacturing
Milling Tools Using Adhesive Bonding

D. S. Correia, E. A. S. Marques, R. J. C. Carbas, P. J. C. das Neves,
and L. F. M. da Silva

Abstract Although adhesive bonding is widely used in many industries, its appli-
cation in the wood milling tool sector is still limited. Nonetheless, it has the potential
to represent a valid alternative to the brazing process. To this end, adhesive joints
must fulfil three main requirements: use an induction curing adhesive to increase
production flexibility; guarantee enough electrical conductivity in the joint for the
electrical discharge machining (EDM) sharpening process; and finally ensuring that
all safety standards are respected. To validate the practical applicability of this joining
process, an induction-based cure cycle was studied by characterising the adhesive
polymerisation recurring to differential scanning calorimetry (DSC) tests. The elec-
trical conductivity was validated in real milling tools by applying an EDM sharp-
ening process. As for the safety requirements, the test conditions were set by the
safety standard EN 847-1, where a rotational speed test at an overspeed condition
was employed, validating its performance if no joint failure occurs. These results
allowed to determine the applicability of the bonded tool, enabling its performance
to be compared with that of the original brazed configuration. Although important
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differences in behaviour were identified, the proposed bonded joint was found to be
suitable for practical implementation.

Keywords Adhesive bonding ·Milling tools · Induction cure ·Woodworking tools

1 Introduction

Even though a limited number of studies have been carried out since the 1980’s on the
use of adhesive bonding as a tool joining process, these have been mainly devoted to
the assessment of its effects on tool wear and surface quality of metalworking lathe
tools, (Darwish 2000a, b; Jachak et al. 2021), or the tool’s thermal behaviour during
work (Darwish and Davies 1989a; Kilik and Davies 1989; Davies and Darwish 1991;
Darwish et al. 1992; Al-Samhan 2012). In themilling tool sector, especially for wood
applications, the use of adhesive bonding is still relatively unexplored. Nevertheless,
there is a growing interest in the use adhesive bonding as a substitute for the current
braze-joined and mechanically fastened processes. With the market’s preference for
lightweight tools, which require less power to operate and create less stresses in the
milling machine, the design of bonded milling tools with light body materials such
as aluminium is now a key research subject.

Since induction heating is currently used in the manufacture of brazed tools, one
of the main premises of this work was to ensure that this source of heat could also
be adopted as the adhesive curing methodology, avoiding the need for costly equip-
ment changes. When used in tungsten carbide/polycrystalline diamond (WC/PCD)
inserts—commonly called solely PCD—or steel bodies, this process presents a very
high efficiency, reaching the desired temperatures in just a few seconds. Therefore,
steel tool prototypes should be able to cure quickly and uniformly under induction
heating, since both adherends provide proper heat transfer conditions, as depicted
by Fig. 1a.

On the other hand, aluminium—an innovative body material for this type of
tools—cannot be inductively heated as efficiently as steel since it does not possess
ferromagnetic properties. Consequently, it solely undergoes induction heating via
Eddy currents, making the process less effective as a result of the decreased heating

Fig. 1 Schematic representation of the induction cure process in terms of heat fluxes supplied
by the coil (orange arrow) and diffused by the body (red arrow). a Steel/PCD uniform cure, b
Aluminium/PCD nonuniform cure
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by Joule effect as well as a quicker heat dissipation due to its higher thermal conduc-
tivity. Such conditions createmajor challenges in the aluminium tool’smanufacturing
process, leading to non-uniform curing, as it can be seen in Fig. 1b.

Another common concern is the long-term reliability of the bonded tools, partially
related to the strong thermal insulation created by the adhesive layer. This was
described as a liability for both the adhesive and the insert (Darwish and Davies
1989a, b), due to thermal degradation concerns. With lower heat dissipation through
the tool’s body, the insert temperature increases when compared with braze-joined
or mechanically clamped systems. As a solution, the introduction of conductive
elements to improve the thermal conductivity of the adhesive layer was reported
by several authors (Kilik and Davies 1989; Davies and Darwish 1991; Al-Samhan
2012).

Since nowadays, most of the adopted insert elements are exceptionally hard, in
order to process and sharpen these materials nonabrasive processes such as electric
discharge machining (EDM) or laser-based processes are widely used. König said
thatmanydifferent classes ofmaterials such as hardened steels, carbides and ceramics
could be processed by EDM if they offered 0.01 S cm−1 of electrical conductivity
(σ ) (König 1991), as shown in Fig. 2.

Therefore, not all materials are sufficiently electrically conductive, especially
adhesives, so certain methods are used to overcome this issue, such as adhesive
doping. In which by introducing conductive elements as a filler—i.e. aluminium,
iron, copper, and graphite powders (Darwish et al. 1991), or conductive spheres
(Correia et al. 2021)—proved effective in improving the electrical conductivity of
epoxy resins.

Therefore, following the procedure proposed by Correia, (Correia et al. 2021),
where an already doped epoxy resinwasmixedwith conductive spheres, it is possible

Fig. 2 Electrical conductivity necessary for EDM. (Adapted from König (1991))
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Fig. 3 Schematic representation of EDM sharpening process

to achieve similar layer electrical properties to that of a brazed joint. This promotes the
existence of a stable closed loop—Fig. 3—between the body and the tool-electrode,
improving the quality of the sharpening process.

The present work consists of a feasibility study on a novel milling tool concept,
constructed using PCD inserts bonded to different body materials. This type of
bonded construction also has the potential to be used in other applications such as
toolswith large inserts or geometries highly susceptible to thermal buckling, inwhich
the current processes are difficult to implement or simply not reliable. Aluminium
and steel body tools were both manufactured, representing different construction
methodologies. Initially, the induction cure cycle was defined and studied using
differential scanning calorimetry (DSC) tests. Prototypes were then manufactured
for both body material, using an induction curing setup. Finally, the prototypes were
properly tested for EDM sharpening and to ensure work safety.

2 Experimental Methodology

The body and insert materials used in this work are part of edge milling tool models
already commercially available and were supplied by FREZITE® Woodworking
Tools, SA. The adherends treatments, adhesive used, and conductive filler percent-
ages followed the work presented by Correia et al. (2021). The manufacturing and
validation procedures were also performed at the partner company.
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2.1 Induction Cure Cycle

In order to maintain production rates compatible with an industrial environment,
a maximum curing time threshold was set to under a minute. Then two different
approaches were established, one seeking to obtain a full cure under the time limit
proposed by the company while the other only seeks to obtain a pre-cured state to
be finalised in a posterior manufacturing step.

Considering the curing data supplied by the adhesive’s manufacturer, the use of
a full-cure process is only possible at a temperature—Tfull c—higher than 180 °C
for the proposed time frame—tfull c. A schematic representation of this cure cycle is
presented in Fig. 4.

The pre-cure method can be implemented at lower temperatures—Tpre c—under a
similar curing time—tpre c—since in this process the adhesive is only partially cured
to establish enough cohesive strength to maintain the inserts in place in the next cure
stage. Afterwards to finalise the cure, a longer time step —tc—can be established
in a convection oven at a lower temperature—Tc. A schematic representation of this
cure cycle is presented in Fig. 5.

2.1.1 DSC Tests

Differential scanning calorimetry tests were performed using the adhesive chosen for
this study to better understand its polymerisation process at different temperatures
and assess the possibility of applying either a quick full-cure or a pre-cure followed
by a longer cure stage at lower temperature. All tests were performed at a heating
rate of 20 °C min−1.

Two types of tests were performed, a continuous ramp and several isothermal
cure stages to determine the curing times at different temperatures. The isothermal

Fig. 4 Full-cure cycle scheme
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Fig. 5 Pre-cure plus oven cure cycle scheme

cure cycleswere performedwithin the temperatures atwhich the adhesive reticulation
begins and finishes, obtained by analysing the continuous ramp cycle. After reaching
the isothermal stage, the cure time was analysed up until the DSC curve stabilises,
finalising the adhesive polymerisation process. In the case of the continuous ramp,
the heat flow decreases once again until the curves become unstable reaching the
degradation temperature—Td—with the adhesive becoming damaged after this point
is reached.

The cure times examined during this study only contemplate the point at which
the isothermal stage is reached, ignoring the cycle’s heat ramp.

As a result, the adhesive’s degradation temperature was accurately determined,
safeguarding the use of a damaging cure temperature, and its cure cycleswere defined
for subsequent practical testing. All sudden irregular curve oscillations should be
discarded since they were caused by current peaks.

2.2 Manufacturing Procedures

Themanufacturingmethodologywas based on the present induction heatingmethod,
repurposing the temperature control unit currently used to control the adhesive’s
curing cycle instead of the conventional brazing process temperature. The setup
used is comprised of a high frequency generator, with a maximum power output
of 5.6 kW; a heating head with a water cooled inductor; a foot start/stop switch; a
pyrometer with laser assisted positioning and a temperature range of 80–700 °C;
and a master control unit, capable of adjusting the isothermal cure temperature—
Tc—and settling time—tc—, the emissivity of the pyrometer, as well as defining the
percentage of the maximum power output supplied by the generator, controlling its
values based on the temperature readings to maintain the constant temperature stage.

The manufacturing procedure started with surface treatments, where the PCD
inserts were degreased in an ultrasound solvent bath, followed by two different stages
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Fig. 6 Induction cured prototype manufacturing. a Aluminium body, b Steel body

of grit blasting. After this the substrates were cleaned again in an ultrasound bath.
All steel bodies were solely grit blasted (St–Gr). As for the aluminium adherends,
different paths were tested, following three types of surface treatment configurations.
Some of the substrates were only anodised (Al–An), as proposed by Correia et al.
(2021), although in this case a sulphuric acid anodisation was selected in order to
match current processes used in this industrial environment. However, two other
methods were tested during the development of this solution, a grit blasted plus
anodised prototype (Al–Gr + An) and a solely grit blasted prototype (Al–Gr).

The positioning of the tool’s body was done with a rotational clamping support,
to move the insert’s groove into position freely. After applying the adhesive, the
PCD insert was positioned in place, and cured under appropriate temperature and
pressure condition. The temperature induced by the coil was governed by the power
supply controller, while pressure was manually applied with a ceramic pointer, both
of which can be seen in Fig. 6a and b.

Manufacturing started with a smaller diameter of 100 mm, to assess in a smaller
scale the different cure cycle possibilities and to fine tune the induction-based
manufacturing procedure. Tools with 180 mm of diameter were later produced,
representing thefinal prototypes towhich all the validationmethodswouldbe applied.

All prototypes were addressed in the next steps by a code comprised of the proto-
type’s diameter (100 or 180 mm), body material (steel or aluminium) and surface
treatments (grit blast or anodization) in the described order, e.g. 180AlGr + An.

2.3 Work Temperature Influence

Using a Fluke Ti25 infrared thermal camera, typical work temperature values were
determined using a brazed tool while cutting common wood raw materials, such as
melamine faced chipboard (MFC) and medium density fibreboard (MDF). Although
this test determines only the temperature around the cutting area in a rotating tool,
which does not represent the real temperature at the tool cutting edges, it serves as a
basis to assess the possibility of temperature degradation issues related to long work
stages at severe enough temperatures to damage the properties both the insert and
adhesive.
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2.4 Validation Procedures for Woodworking Tools

2.4.1 EDM Sharpening Tests

Real world sharpening tests were used to evaluate if the bonded joint was able to
establish a closed circuit between the workpiece and the tool-electrode performing
the EDMsharpening process. This processwas implemented by the industrial partner
in a commercial EDM machine.

Being performed in a liquid work environment, the possibility of chemical degra-
dation could also be of relevance. However, since the fluid used was a hydrocarbon
based dielectric fluid and looking at the chemical medium influence in shear strength
under compression detailed in the adhesive’s datasheet, chemical degradation should
not be a concern since it is unaffected by oils and petroleum-based work mediums
for the expected exposure time frame.

2.4.2 Standardised Safety Tests: EN847-1

The safety requirements for woodmilling tools are set by the EN 847 standard, Part 1
(2019), where in the specific case of adhesive bonded milling tools, the safety valida-
tion methods include a centrifugal test until failure, since in the case of woodworking
milling tools, the centrifugal stresses are the most severe ones.

The test specimen should have the largest cutting diameter and width available
in catalogue. During the overspeed test, at a rotational test speed of ηp = 2 · η, if
no failure is verified in the bonded areas the specimen is considered to have been
successfully validated (EN847-1:2017 2019).

The edge milling tool models considered in this work have standard diameters
of 100 and 180 mm, with fixed width for each diameter. In terms of rotational
velocity, calculationsweremade considering typical andmaximumperipheral cutting
velocity’s—vc—common for these tool models, using Eq. 1:

η = vc · 60 · 1000
π · d ,

[
rpm

]
(1)

whose values are represented in Table 1.
The prototype’s overspeed rotational velocity was firstly set to the typical service

condition, validating its use, and if no problems arise by that stage, it advances to the
next speed level, validating the maximum cutting velocity condition. Since the over-
speed testing machine used has a maximum rotational velocity of 21,500 rpm, only
the prototypes manufactured with 180 mm can be fully validated at the established
rotational velocities.
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Table 1 Overspeed values considering two peripheral cutting speed states, for the two standardised
diameters used in prototype manufacturing

Speed state vc/ms−1 d/mm η/rpm ηp/rpm

Typical 70 100 13,000 26,000

180 7,400 14,800

Maximum 90 100 17,000 34,000

180 9,500 19,000

3 Experimental Results and Discussion

3.1 Induction Cure Cycle: DSC Test Results

Applying a continuous heating ramp up until 400 °C the DSC plot shown in Fig. 7
was obtained, three main results can be extracted. First, the temperature at which
polymerisation begins is slightly lower than 150 °C, the cure process under contin-
uous heating ends at 230 °C, and the degradation temperature is located at 290 °C—as
stated in the adhesive’s datasheet.

Based on the information obtained from the previous curve, three isothermal tests
were carried out at 220, 150 and 180 °C.

Startingwith the study of the full-cure cycle, the 220 °C isothermal stagewas anal-
ysed, its results are presented in Fig. 8. The main conclusion taken from this test was
that for this temperature a full cure would not be possible in under aminute. Even less
when considering differences in thermal conductivity associated to the aluminium
prototypes and possible thermal inertia effects. Though higher cure temperatures
could be used, for safety reasons the cure temperature cannot be higher than 230 °C.
Furthermore, to achieve these temperatures within the desired time frame, very high
heat rates would be necessary, demanding very high-powered equipment and with
high likelihood of damaging the adhesive layer and other components of the tool.

Fig. 7 DSC results for a continuous ramp heating cycle



190 D. S. Correia et al.

Fig. 8 DSC results for an isothermal heating cycle at 220 °C

Thus, the pursue of a full-cure cycle was abandoned going forward. Nevertheless,
this analysis determined that a quick pre-cure cycle at this temperature could be
successfully established.

For the pre-cure cycle study the two other isothermal tests were analysed, at 150
and 180 °C, whose results are presented in Figs. 9 and 10, respectively.

Considering the 150 °C stage, it is possible to extrapolate from the DSC curve
that more than three minutes are necessary to obtain a suitable pre-cured state,
which is not compatible with the manufacturing time frame previously established.
Consequentially, this temperature was removed from consideration.

As for the cure stage at 180 °C, contrarily to the previous test, when the isothermal
temperature is reached the curve is almost stabilized, which make this cure cycle
suitable for pre-curing.

All results considered, the full cure cycle was discarded, and a few pre-cure cycles
were selected for testing in the manufacturing stage, namely the 180 and 220 °C
pre-cure cycles.

Fig. 9 DSC results for an isothermal heating cycle at 150 °C
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Fig. 10 DSC results for an isothermal heating cycle at 180 °C

3.2 Prototype Manufacturing

For the 100St–Gr prototypes, after testing all pre-cure cycles, it was possible to
access the need for a slow heat ramp, considering the lowest power output possible, to
prevent a severe expansion effect. This effect was found for the 220 °C cure temper-
ature, making so that the only cure cycle possible for steel tools was the gentler
isothermal stage at 180 °C, with low power output. Now, not showing any manu-
facturing concerns for the smaller diameter a 180St–Gr prototype was manufactured
with the same cure cycle for the final validation tests.

When performing the same tests for the 100Al–An, 100Al–Gr + An and 100Al–
Gr prototype configurations the same did not occur, mainly due to the low induction
heating efficiency and high thermal diffusivity of the aluminiumbody. In this case, for
all cycles a higher power output was necessary to improve the pre-cure performance,
however, the previously detected expansion effect did not appear in any of the cure
stages. This said, the selected cure cycle would simply translate into a specific curing
time. Because productivity is one of themain requirements of this study, to the fastest
cycle—220 °C isothermal cure stage—a few extra steps were taken to improve the
manufacturing time of these prototypes. Since the 100mm prototypes showed curing
issues for the current adoptedmanufacturingprocess, no180mmdiameter aluminium
tool configurations were manufactured, as the steps taken to improve the curing
process on the aluminium adherend did not work either properly nor efficiently for
the highest diameter.

The final prototype configurations finished their curing process through a longer
cure stage at lower temperatures, achieving the state—Fig. 11—where all bonded
joints are fully cured. Finally, they proceeded to the validation stage where the
following configurations were tested: 100Al–An, 100Al–Gr + An, 100Al–Gr and
180St–Gr.
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Fig. 11 Bonded joints of prototype 100Al–Gr

3.3 Work Temperature Measurements

The work temperature values measured using an infrared thermal camera showed
low temperature readings, presented in Fig. 12.

Taking into consideration that in this application the use of hardmaterialswith very
low friction coefficients—such as PCD inserts—to decrease cutting edge tempera-
tures, coupled with aluminium bodies with much higher thermal conductivity. But
also having a rotational velocity that promotes heat dissipation by means of convec-
tion, and softer workpiece materials that produce less heat during chip creation, it is
possible to safely consider that thermal degradation of both the insert and adhesive
will not be a relevant factor in woodworking adhesively bonded milling tools.

Fig. 12 Thermal imagery of two woodworking scenarios, MFC to the left and MDF to the right
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Table 2 Summary of the validation test results for each prototype

Prototype EDM test Overspeed test Joint failure

Y/N Typ./ηp % Max./ηp % Y/N

100Al–An
100Al–Gr + An
100Al–Gr

N
N
Y

82
82
82

63
63
63

N
N
N

180Al–An Y 100 100 N

3.4 Woodworking Tool Validation Tests

A summary of all the tests performed, both for EDM and work safety, is presented
in Table 2. The sharpening tests are evaluated on a Yes/No basis, and the safety
requirements on the test velocity achieved in relation to each overspeed condition, as
a percentage. All this to evaluate the results taking into consideration the test machine
limitations, as well as the occurrence of joint failure evaluated with a binary Yes/No
criterion.

Both aluminium anodised prototypes—100Al–An and 100Al–Gr+An—failed in
the sharpening tests due to the insulation effect of the present anodisation layer, which
for the previous bonding study (Correia et al. 2021), did not present a problem when
measuring the adhesive layer’s resistance. This might have occurred since different
anodisation processes were used in each study, possibly changing the amount of
influence that the anodisation layer had on the electrical properties. Nevertheless,
both the 100Al–Gr and 180St–Gr prototypes were successfully sharpened via EDM,
validating the use of this adhesive configuration in terms of electrical conductivity
in industrial conditions.

From all the aluminium prototypes manufactured, with 100 mm in diameter,
none were tested for the predicted overspeed conditions due to the machine’s speed
limitation. Nevertheless, all achieved the maximum speed supported by the machine
without failure, corresponding to a rotational speed safety factor of 1.65 and 1.26
for the typical (26,000 rpm) and maximum (34,000 rpm) states, respectively. Values
slightly smaller than the coefficient of safety of 2.00 required by the standard. As
for the 180St–Gr prototype all overspeed states were achieved without any sign of
fracture, both in typical (14,800 rpm) and maximum (19,000 rpm) conditions, fully
validating this configuration for the safety requirements set by the EN 847 standard.

4 Conclusions

The main purpose of this work was to validate the application of adhesive bonding in
the production of milling tools. A suitable induction cure cycle was studied, first in
a laboratorial setting with DSC analysis and then practically during manufacturing
of the prototype configurations. Both steel and aluminium solutions were tested
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having different surface treatments. EDM sharpening tests were performed as well
as overspeed tests in accordance with the EN 847 standard. This led to the following
findings:

• Unlike the brazing process, bonded tools require a two-step cure cycle starting
with a quick pre-cured followed by a longer oven cure;

• Neither chemical nor thermal degradation seem problematic for both the produc-
tion and work stages of wood milling tools;

• Aluminium tool bodies, contrarily to steel, posed a few challenges when curing
the adhesive under an induction based process;

• The doped adhesive performed as expected, increasing the electrical conductivity
of the adhesive layer, allowing EDM sharpening of the grit blasted prototypes;

• The anodisation of the aluminium precludes EDM sharpening and thus only laser
based sharpening solutions can be implemented with this surface treatment;

• The only prototype that was fully validated was the steel configuration, showing
that a few improvements in the manufacturing process are still needed to bond
aluminium tools;

• Other adhesive fillers or pre-curing solutions might improve the productivity of
this manufacturing process.

Although important differences in behaviour between brazed, steel bonded and
aluminium bonded joints were identified, the proposed bonded tools were found to
be suitable for practical implementation, even though in the case of aluminium a few
challenges must still be overcome. Nevertheless, this is a relatively incipient process,
with plenty of room for achieving greater efficiency, performance, and productivity
in an industrial environment.
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