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The reliable use of ultrasonic metal welding requires a thorough understanding of the relevant bonding
mechanisms. This article presents an approach to systematically investigate the relation between the
mechanical properties and the interface of selected Al/Cu and Al/GFRP joints. The hypothesis is that the
microstructure and tensile shear strength of the specimen can be related to their interface properties
presented by contact stiffness and damage initiation traction. For this purpose, the mentioned hybrid
material systems were ultrasonically welded using specific parameters to achieve defined levels of
mechanical joint strengths. Micro sections and fracture surfaces were characterized to identify the interface
geometry at certain strength levels. The main findings were different shares of bonded areas in the interface
and characteristic micro geometries. Microscale finite element models of representative samples were
developed to determine the stress and deformation behavior in the interface under tensile shear load and to
compare the influence of the interface geometry on contact conditions to a simplified model. The simulations
provide information about the influence of different damage initiation tractions and geometrical charac-
teristics in the joints� interfaces, as well as their contribution to the overall joint strength. For prospective
industrial applications, they can serve as basis for further development of a contact model on component
scale.

Keywords Al/Cu, Al/GFRP, bonding mechanism, contact
conditions, microstructure, ultrasonic welding

1. Introduction

Ultrasonic welding (USW) is a modern joining technique in
the packaging industry, in automotive and electric industry,
medicine and many more (Ref 1, 2). Apart from the advantages
of a low energy consumption and rapid processing, the
capability of joining dissimilar materials (Ref 1-3) such as
non-ferrous metals with glass, ceramics or fiber reinforced
polymers (FRP) (Ref 4) is an outstanding characteristic of
USW. In general, USW can be divided into two different fields
of application: ultrasonic metal welding and ultrasonic polymer
welding, which differ in the direction of the ultrasonic (US)
oscillation in relation to the surface of the joining partners (Ref
5). The focus of this investigation is on US metal welding,
concentrating on the creation of metal/metal and metal/FRP
bonds.

All USW systems consist of an oscillation unit, an US
generator, and the periphery, which is the machine�s housing
and the sample clamping. The oscillation unit of a roll seam
USW machine and of a torsional welding machine, as used in
this work, are shown in Fig. 1. The working principle of both

systems is the same, but the setup and the sonotrode geometry
lead to a different oscillation behavior as indicated in Fig. 1. A
Langevin piezoelectric transducer converts high frequency
electric voltage into a mechanical, standing wave oscillation of
the same frequency (here 20 kHz), as illustrated by the black
line along the oscillation unit in Fig. 1. In addition to
mechanical amplification of the oscillation amplitude, the
sonotrode induces the oscillation and, hence, the welding
energy into the joining area. Most commonly, one or more so-
called boosters are mounted between the sonotrode and the
transducer to enhance or reduce the amplitude of the mechan-
ical displacement. Transducer, booster and sonotrode are
connected to each other at positions of maximum displacement
and minimum mechanical stress (Fig. 1a), Point 1 and 3. Point
5 indicates the sonotrode tip—the functional part of the
oscillation unit, where the displacement reaches its maximum
(Ref 6). The geometry of the sonotrode needs to fit the
requested welding processes, e. g. US spot welding, US
torsional welding or US roll seam welding (Ref 7).

The parameters that influence the quality of the obtained
weld can be divided into numerous material (e.g., geometry and
topography of the samples, material, temperature) and process
parameters, which must be adjusted for each joining task (Ref
8). In this project, both roll seam and torsional welding were
used, and the focus remains on three of the process parameters
for each process. For the US roll seam welding, these
parameters were the welding force F, the velocity of the
sonotrode v and the amplitude u. For the torsional US welding,
the considered process parameters were the amplitude u, the
welding pressure p, and the welding energy E. All these
parameters have a significant impact on the energy input and,
hence, on the joint quality or the mechanical strength. High
performance components often require high strength

Sophie Arweiler-Böllert, Moritz Liesegang, and Tilmann Beck,
Lehrstuhl für Werkstoffkunde, RPTU Kaiserslautern-Landau,
Kaiserslautern, Germany; Julia Jungbluth and Sebastian Schmeer,
Leibniz-Institut für Verbundwerkstoffe GmbH, Kaiserslautern,
Germany. Contact e-mail: s.arweiler@rptu.de.

JMEPEG (2023) 32:10469–10485 �The Author(s)
https://doi.org/10.1007/s11665-023-08325-2 1059-9495/$19.00

Journal of Materials Engineering and Performance Volume 32(22) November 2023—10469

http://crossmark.crossref.org/dialog/?doi=10.1007/s11665-023-08325-2&amp;domain=pdf


multi-material systems to increase their specific strength and,
thus, their performance in service. The technical design of such
components is often realized using finite element modeling
(FEM) (Ref 9). A decisive aspect in modeling of hybrid
components manufactured by USW is the contact condition
between the joining partners, which is determined by the bond
formation during the USW process. The bond formation itself
is currently explained by various approaches. According to (Ref
2, 8, 10-14) the USW joining of two metals, illustrated in
Fig. 2, proceeds as follows:

(a) First, the surfaces are covered with contaminations and
oxide layers. Therefore, direct contact between the
asperities of surfaces is prevented. The force applied by
the sonotrode reduces the distance between the asperities
(Ref 2, 8, 11-13).

(b) When the sonotrode begins to induce US oscillation into
the work pieces, the asperities undergo shearing forces,
they flatten and the contaminations and oxide layers are
displaced from the joining area (Ref 2, 11, 13). The sur-
faces are then juvenile and form direct metal-metal con-
tact at the points with the highest asperities. Here,

adhesion occurs and the formation of a metal bond be-
gins (Ref 8, 11-13, 15). Heating due to friction and
elastoplastic deformation occurs in this phase (Ref 10,
11, 13-16). This heating can activate the surface of the
harder joining partner, which may not have shown any
reaction up to this point (Ref 15), and is essential for
the following plastic deformation (Ref 2, 11, 13-15, 17,
18).

(c) Because of the continuing oscillation and material flow,
adhesion, chemical and physical interaction continue and
a mechanical interlocking between the joining partners
occurs (Ref 12, 15, 17, 19-22).

In conclusion, a physical metal bonding between the
juvenile surfaces is mostly considered to be the main reason
for the bond formation between the joining partners in US
metal welding (Ref 10-12, 15, 17, 19, 21, 23-26). Mechanical
interlocking was also observed to significantly contribute to the
bond (Ref 10-13, 15, 17, 20), especially when the same
materials are joined together, e.g., Al/Al joints (Ref 19).

The mechanical interlocking and the entailing deformations
mainly occur directly in the interface line, as schematically

Fig. 1 Schematic of USW systems. (a) Continuous US roll seam welding (Ref 6); (b) static US torsional welding (Ref 44). Panel (a)
reproduced from Orbital Ultrasonic Welding of Ti-Fittings to CFRP-Tubes, Journal of Manufacturing and Materials Processing, Moritz
Liesegang, Sophie Arweiler, Tilmann Beck, and Frank Balle, under the CC BY license. Panel (b) reproduced from Ultrasonic welding of
magnetic hybrid material systems-316L stainless steel to Ni/Cu/Ni-coated Nd2Fe14B magnets, Functional Composite Materials, Moritz
Liesegang and Tilmann Beck, under the CC BY license

Fig. 2 Joining process of two metals. (a) The surfaces approximate due to the force applied by the sonotrode; (b) the US oscillation starts and
flattens asperities as well as displaces contaminations and oxides from the joining area; (c) the juvenile surfaces contact and form adhesive bonds
(Ref 44)
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displayed in Fig. 2 (Ref 10, 23). They are typically most
pronounced in the region of highest pressure directly below the
sonotrode tip (Ref 10). The interface between two metals
remains macroscopically flat (Ref 10), but some studies
observed that with increasing welding energy and increasing
welding time wave-like structures were developing on a
microscale (Ref 10, 27) since once developed microstructures
can be destroyed again under continuing oscillation, which may
lead to wave-like patterns (Ref 10). As mentioned before, an
increase in induced energy—and thus a higher tempera-
ture—facilitates plastic deformation of the metals (Ref 10, 23,
28).

For the bond formation in metal/FRP joints, additional
assumptions can be made: Because of the induced energy in the
welding area, the thermoplastic matrix of the FRP fuses, which
brings the fibers and the metallic joining partner closer together.
Due to plastic deformation of the metal, fibers and metal can
interlock, complemented by adhesive connection through the
re-solidification of the matrix. The bond formation is shown
schematically in Fig. 3 (Ref 6, 24, 29, 30). The joint strength
increases significantly if interlocking between the joining
partners is accomplished in the joining area (Ref 8, 31).

The exact correlation between microstructure and mechan-
ical properties of the US welded joints has not yet been fully
understood (Ref 32). However, for the joining of metals, there
have been approaches to quantify the correlation between the
size of the interface area and the quality of the weld by means
of the linear weld density. The linear weld density is defined by
the ratio of bonded interface line and the length of the entire
weld (Ref 25, 33).

In this work, FE-models of US welded joints were
developed. Providing the required information about geome-
tries and properties of the joints, interfaces of US welded joints
were characterized, categorized and correlated to the achieved
mechanical joint strength (Ref 25, 33), and the failure
mechanism. For this purpose, favorable combinations of
joining partners were selected and process parameters for
defined levels of mechanical strength were identified and
evaluated by tensile shear tests. For each level of mechanical
strength, the samples were characterized considering fracture
areas and micro sections of the interface. Based on the
geometry of these characteristic areas, two-dimensional FE-
models were created to analyze stress and strain distributions of
the micro sections under external load.

2. Materials and Methods

2.1 Experimental Setup

Since their bond formation process is thought to be slightly
different, metal/metal joints and metal/FRP joints were inves-
tigated separately. Hence, two representative hybrid material
systems were considered in this work: Al/Cu joints with the
materials EN AW-1050A and EN CW004A, representing a
typical hybrid material system in electric industry and Al/GFRP
joints with the materials EN AW-1050A and GF-PA6 (woven
glass fiber textile 0/90� with 50% fiber volume content),
representing lightweight constructions. This particular combi-
nation of the latter materials did not allow to expect high
strength joints as known from other US welded metal/FRP
joints, e.g., 97 MPa Ti6Al4V/CF-PEEK (Ref 6, 7). Since EN
AW-1050A was known to be very deformable, it was expected
to generate a higher diversity of interface characteristics. The
thermoplastic matrix PA of the GFRP is well suited for USW
due to its relatively low melting point of 220 �C (Ref 34) and
finally, individual glass fibers are more visible by computer
tomography (CT) than carbon fibers due to the greater
difference of density between the fibers and the polymer matrix
(Ref 35).

The mechanical properties of the joining materials, that were
characterized by tensile tests using a TesT 50 kN, are
represented in Table 1 along with the dimensions of the sheet
material used in the welding experiments.

For the Al/Cu joints, a roll seam welding unit Branson
Ultraseam 20 with a rotatable sonotrode was used (Ref 36) and
for the Al/GFRP joints, a torsional welding unit Telsonic TSP
3000 was used. The reason for this differing approach for the
two material systems were a larger homogenous interface for
the roll seam welding on the one hand for the metal/metal
joints, and a better reproducibility of joint strengths for the
metal/FRP joints using torsional welding on the other hand. A
close-up of the sonotrodes during the welding processes is
shown in Fig. 4(a) for roll seam welding, and in Fig. 4(c) for
torsional welding, respectively. The joining partners are
clamped with a force of 6 kN (roll seam welding) and 3.2 kN
(torsional welding), respectively. To create the continuous roll
seam the oscillating sonotrode rolls over the metal sheet
(Fig. 4a), to create the circular weld it oscillates on its own axis

Fig. 3 Schematic microstructure of an US welded metal/FRP joint. (a) At the beginning of the process; (b) during the US oscillation, the
thermoplastic matrix melts and causes approximation between fibers and metallic joining partner; (c) the bond is formed with adhesive forces
and interlocking (Ref 6, 24, 29, 30)
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(Fig. 4c). Figure 4(b) and (d) shows the respective sonotrode
tips.

To examine the relation between microstructure and
mechanical strength, joints with differing bond qualities and
mechanical strengths were produced. The goal was to create
two tensile shear strength levels, termed X/Xlow and X/Xhigh.
The tensile shear strength rTS of the joints was derived with
tensile shear tests performed with a TesT 50 kN with a
displacement-controlled setup of 0.05 mm/s.

2.2 Microstructural Characterization

To identify the interface characteristics in correlation to
certain strength levels, several micro sections of the joints were
prepared along defined paths as illustrated in Fig. 5. At least 3
sections were investigated in lateral and longitudinal direction
for each Al/Cu sample and at least 5 sections were examined
for each Al/GFRP sample. Only the interface located directly

below the sonotrode tips was considered to be part of the weld
seam/spot to ensure the comparability between same type of
samples despite different welding parameters, even though
bonding may not be limited to this area especially for the metal/
FRP joints, as described in (Ref 31).

The micro sections were investigated by light microscopy
and scanning electron microscopy (SEM) to find characteristic
traits, which were sized and used to characterize the weld
quantitatively. Key aspects for the Al/Cu joints were the linear
weld density, micro gaps, interlockings and large waves in the
interface line, and the enlargement of the interface line due to
overall waviness. Key aspects for the Al/GFRP joints were the
proximity between fibers and metallic joining partner and the
number and area of fibers directly connected with the metallic
joining partner. Additionally, the shares of microsegments with
the same characteristics for each weld seam/spot depending on
the respective rTS were determined.

Table 1 Mechanical properties of materials and dimensions of the samples

Material properties/sample dimensions EN AW-1050A EN CW004A GF-PA6

Density in kg/m3 (Ref 34) 2700 8950 1800
Young�s modulus E in GPa 65 116 40
Poisson�s ratio (Ref 34) 0.33 0.35 0.17
Yield stress Rp02 in MPa 117 215 …
Tensile strength Rm in MPa 118 260 300
Elongation in % 5 43 3
Length in mm 80 80 80
Width in mm 20 for Al/GF-PA, 40 for Al/Cu 40 20
Thickness 1 mm 1 mm 1.5 mm

Fig. 4 (a) US roll seam welding setup; (b) close-up of the roll seam sonotrode tip; (c) torsional US welding setup; (d) close-up of the torsional
sonotrode tip

Fig. 5 (a) paths for micro sections for Al/Cu joints longitudinal and lateral to the weld seam; (b) paths for micro sections for Al/GFRP joints
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In addition to the examination of the micro sections, fracture
surfaces were investigated to verify the assumptions obtained
from the analysis of the 2D-sections. The subject of interest was
the linear weld density with respect to the complete joining
area.

To examine the contact between the joining partners on a
3D-basis, including the interface geometry but also voids and
proximity between fibers and metal, high-resolution x-ray CT-
scans of Al/GFRP joints were performed on thin stripes of the
samples to gain volume information. The CT-scans were
conducted using a Zeiss Versa 520 with an accelerating voltage
of 90 kV, a power density of 8 W, an exposure time of 5 s, and
a resolution of 4.4 lm. The sample was rotated 360� and 2401
projections were acquired.

2.3 Development of FE-Models

The long-term goal of the presented research is to develop a
contact model on component scale, which can simulate the
behavior of an US welded joint using a simplified contact
model including all relevant conditions that were derived from
a realistic microscale model of the interface. Therefore, the
influence of the geometry of the interface on the microscale
needs to be investigated, to assure correct conclusions in future
abstraction processes. This influence was examined by the
following comparison between simplified and geometrically
complex interfaces.

Basis for the microscale models were micro sections
investigated by light microscopy (Al/Cu) and SEM (Al/GFRP),
respectively. Sections which included specific interface char-
acteristics were chosen for modeling. The obtained images
were then transferred into FEM software using the procedure
shown in Fig. 6. First, the microscopic image was transformed
into a vector graphic with the aid of bitmap-tracing in the open-
source software Inkscape by Inkscape Community (Fig. 6a and
b). Based on this vector graphic, a 2D-surface model was
created in Siemens Solid Edge ST9 (Fig. 6c), which was then
imported into Simulia Abaqus 2021 by Dassault Systèmes to
finalize the FE model (Fig. 6d).

In Abaqus, the simulation was performed using a dynamic,
implicit step. The material properties described in Table 1 were
used for the Al/Cu joints, and for the Al-part of the Al/GFRP
joints. The GFRP was split into the separate materials GF and
PA with properties listed in Table 2.

With these properties, an elastic-plastic material model was
established. The plasticity was modeled as depicted in Fig. 7
with a trilinear progression of the stress over the strain (Ref 37).
Note that due to the absence of a damage model for the single
materials (Al, Cu, GF, PA), plastic strain exceeding the given
elongation was permitted.

A mesh with CPE4R element type was used for quadratic
elements and a CPE3 element type for triangular elements. The
meshing in the Al/Cu model was done with quad-dominated
elements with an approximate average element size of 2 lm in
the interface line and 5 lm in the rest of the geometry, which
added up to a total of approximately 1 9 104 elements, with
permission for the number of elements to increase or to
decrease when appropriate during the meshing with respect to
angles and radii. The maximum deviation factor for the
elements was given by 0.1. The same element types and
deviation factors were applied in the Al/GFRP joints, but, due
to the difference in model size, the edge length of the elements
in the interface was set to 0.5 lm, 1 lm between fibers and

Fig. 6 From micro section to FE-model. (a) Image from the light microscope (Al/Cu) and SEM (Al/GFRP); (b) vector graphic derived from
the microscopic images with the aid of bitmap-tracing; (c) 2D-surface model in CAD-format based on the vector graphic; (d) complete FE-model
with mesh

Table 2 Material properties for modeling of Al/FRP
microscale (Ref 34)

Property GF PA

Density in kg/m3 2550 1140
Young�s modulus E in GPa 75 1
Poisson�s ratio 0.22 0.35
Yield stress Rp02 in MPa … 40
Tensile strength Rm in MPa 2000 47
Elongation in % 2 45
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matrix and 2 lm in the rest of the geometry, which lead to a
sum of 2.4 9 104 elements. The meshes around the interface
line are illustrated in Fig. 8(d) and (e).

Additional support structures were built around the original
geometries, as displayed by the hatched areas in Fig. 8(c).
These support structures had the same material properties as the
original geometry they surrounded, presented in Table 1. For
the discussion of the results, those support geometries were
neglected since they were not of interest but transmitted the
external loading to the interface.

The external loading was modeled as a displacement to
simulate the tensile shear test from the experiments. For this
purpose, the lower edge of the support structure of the lower
joining partner was fixed with an encastre condition, and the
upper edge of the support structure of the upper joining partner
was moved with a uniform displacement in the x-direction, as
presented in Fig. 8(c). The magnitude of the displacements of
the upper edge for these microscale models were determined
based on the tensile shear tests. Including the support
structures, the Al/Cu joints had a total width of 300 lm and
the Al/GFRP joints measured 90 lm.

The contact conditions were implemented as surface-to-
surface interaction between the two parts Cu and Al as

illustrated by the black line in Fig. 8(a). For the Al/GFRP
joints, the location of the cohesive interface changed between
Al-GF and Al-PA as illustrated by the black line in Fig. 8(b).
The glass fibers were fixed in the matrix with a tied constraint
to avoid potential delamination.

In this approach, a cohesive zone model, which included a
damage model for the joints similar to models focusing on
interface damages and delamination of composites (Ref 38-42),
was used for the interactions between the joining partners. The
basis for cohesive contact is a bilinear cohesive law with an
elastic traction-separation behavior, which is mathematically
expressed for two-dimensional calculations before damage
initiation by Eq. (1) (Ref 37):

Tn
Ts

� �
¼ Knn Kns

Kns Kss

� �
dn
ds

� �
ðEq 1Þ

K is the contact stiffness, d the displacement between two
corresponding points at the interface, Tn and Ts are the normal
and shear traction, the indices n and s represent the two loading
directions. In a surface-based cohesive model, the traction is
defined as the ratio between the contact force and the current
area at each contact point. In the chosen uncoupled traction-
separation behavior, only Knn and Kss need to be specified since
pure normal separation does not produce cohesive forces in the
shear directions and vice versa. Assuming isotropic behavior,
the parameters Knn and Kss have the same values and will
therefore be written as Keff (Ref 37, 39).

The maximum nominal stress criterion was used for damage
initiation, which is defined by Eq. (2) and translates into the
maximal traction for surface-based cohesive zone modeling.
Tn

0 and Ts
0 are input values which represent the highest contact

stresses. In an isotropic case, they have the same value and can
therefore be written as the damage initiation traction Tm (Ref
37). Note that by using another criterion, damage initiation
could also be defined by specifying the separation instead of the
traction.

max
Tnh i
T0
n

;
Ts
T0
s

� �
¼ max

Tnh i
Tm

;
Ts
Tm

� �
¼ 1 ðEq 2Þ

Damage evolution must be specified if visible separation of
the created bond is desired after damage initiation, which is

Fig. 7 Elastic-plastic material model used in the FE-simulation

Fig. 8 Interfaces, displacement, and mesh of the models. (a) Highlighted interface line with cohesive behavior for Al/Cu joints; (b) highlighted
interface line with cohesive behavior for Al/GFRP joints; (c) sketch of the support structure, the boundary conditions and applied outer
displacement; (d) mesh around the interface line of the Al/Cu joint; (e) mesh around the interface line of an Al/GFRP joint
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advantageous for reasons of visual presentation and analysis in
this case. This is possible by giving the fracture energy Gc or
the plastic displacement dpl and a linear, exponential, or tabular
form of softening. With a linear softening and an isotropic
behavior, which is permissible due to the two-dimensional
nature of the geometrical model, the traction-separation behav-
ior can be depicted like in Fig. 8 (Ref 37).

Thus, to define the behavior of the interfaces using Abaqus,
the traction at the point of damage initiation in any direction
Tm, the stiffness Keff and the critical fracture energy Gc or,
alternatively, the plastic displacement dpl need to be specified.
Gc is calculated as the area under the triangle in Fig. 9 and Keff

constitutes the slope until the point of damage initiation.
Since there was no pre-existing contact model specifically

for US welded joints, the values for the mentioned contact
parameters were unknown. In previous research, US welded
joints were modeled on component scale, (Ref 31, 43), but not
on microscale. So, in this approach, values of Keff and dpl were
inspired by literature calculations for cohesive zone models
(Ref 40) and kept constant with Keff = 100,000 MPa/lm and
dpl = 0.005 lm. Only the damage initiation traction Tm was
varied.

To understand the influence of different damage initiation
tractions, reference simulations with flat interface geometries
were performed. The flat interface geometry is easy to model,
does not require knowledge about the exact interface compo-
sition and is consequently most user-friendly. With the help of
those reference simulations, it was possible to determine to
what extent the behavior of such a simplified model already
matched that of a model with a real interface geometry only due
to the same contact conditions. The flat-interfaced geometries,
termed simplified geometries, also represent the long-term
pursued component scale models, and were modeled with the
same material properties, the same outer dimensions, and the
same external displacements as the models with more complex
interface geometries, termed real geometries. The reference
simulations were run to find the highest damage initiation
traction Tm1 where the interface completely failed, and the
lowest damage initiation traction Tm2 > Tm1 where the
interface remained completely intact during the simulations
(Fig. 10a). The limits Tm1 and Tm2 are crucial for an accurate
description of the actual behavior of a bond under this specific
displacement for a given geometry.

Tm1 and Tm2 were then used as initial damage initiation
tractions for the real models. In cases where Tm1 and Tm2 were

not the limits between failed and intact interface, they were
adjusted to Tm1

¢ and Tm2
¢ (Fig. 10b), with Tm1

¢ marking the
highest damage initiation traction for a completely failed
interface and Tm2

¢ marking the lowest damage initiation
traction for a completely intact interface for the real geometries.
The difference between Tm1, Tm2 and Tm1

¢, Tm2
¢ represents the

influence of the interface geometry and gives further informa-
tion for the development of a contact model.

The components of the stress response in x-direction (Sxx),
i.e., the direction of the displacement, as well as the deforma-
tions and the strain in x-direction (Exx) for the reference
simulation are displayed for Tm £ Tm1 (failed interface) in
Fig. 11(a), (c), (e), (g) and Tm ‡ Tm2 (intact interface) in
Fig. 11(b), (d), (f), (h). Their distribution is used to establish a
foundation for the understanding of the results of the real
simulations.

As expected, no stress and small plastic strain remained in
the simplified geometries after failure for the reference
simulation. Without interface failure, on the other hand, strain
and stress in the peripheral areas of the geometry and the
interface were most prominent.

The results of the calculations both for the displacement of
the upper edge and the damage initiation tractions Tm1 and Tm2

are shown in Table 3.

3. Results

3.1 Welding experiments

3.1.1 Al/Cu joints. 3.1.1.1 Tensile Shear Strength rTS.
To produce joints with different bond qualities, i.e., different
rTS, preliminary tests were performed to identify suitable pa-
rameter sets. Aim of this part of the study was to find a
combination of amplitude u, velocity of the sonotrode v and
welding force F that repeatedly produced varying rTS by
maintaining two of the three parameters and varying the third.
This was done with regard to the following analysis of the
microstructure to determine the influence of one parameter. For
the Al/Cu joints, the preliminary experiments indicated that it
was effective to maintain u and v. Several series of tests were
then performed with varying welding forces F. In most of the
investigated cases, there was a noticeable trend of increasing
rTS with increasing F, and sometimes even a change in the
failure mode (interfacial failure or failure of the aluminum)
depending on that parameter.

To identify the characteristics of the microstructures,
different levels of rTS were generated by certain parameter
sets achieved in the preliminary parameter studies. The
parameters u = 25 lm, v = 10 mm/s, F = 200 N, which lead
to an average rTS = 4 MPa, were then chosen for the set with
low rTS, termed Al/Culow. For the set with high rTS, termed Al/
Cuhigh, the parameters u = 25 lm, v = 10 mm/s, F = 300 N
(average rTS = 16 MPa) were chosen. The parameter set Al/
Cucomp with u = 16 lm, v = 2 mm/s, F = 150 N (average
rTS = 12 MPa) was also investigated and characterized for
additional comparison. This very different parameter set
resulted in a comparable total energy input, which is the
defining factor for bond formation, and in a comparable level of
rTS, consequently allowing this investigation.

3.1.1.2 Investigations of the Interface Via Micro Sec-
tions. As discussed in Sect. 2.2, the focus of the interfaceFig. 9 Bilinear traction-separation behavior for cohesive zone

models (Ref 37)
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analysis of the Al/Cu joints was on the linear weld density, the
micro gaps, and the waves in the interface. This led to three key
categories observable in the interface characterization. These
categories, shown in Fig. 12, were:

(a) no contact between the two joining partners
(b) overall contact between the joining partners, but several

micro gaps between Al and Cu in the interface line

Fig. 10 Implementation of damage initiation tractions Tm which lead to different failure modes of the interfaces at a given displacement. (a)
Reference model with flat, simplified interface geometry. Damage initiation traction Tm1 leads to failure of the interface while damage initiation
traction Tm2 leaves it intact; (b) model with real, complex interface. Damage initiation traction Tm1

¢ leads to failure of the interface while
damage initation traction Tm2

¢ leaves it intact

Fig. 11 Strain and stress in x-directions Exx and Sxx of reference simulations with simplified geometries. (a) Exx for Al/Cu joints with failed
interface; (b) Exx for Al/Cu joints with intact interface; (c) Sxx for Al/Cu joints with failed interface; (d) Sxx for Al/Cu joints with intact
interface; (e) Exx for Al/GFRP joints with failed interface; (f) Exx for Al/GFRP joints with intact interface; (g) Sxx for Al/GFRP joints with
failed interface; (h) Sxx for Al/GFRP joints with intact interface. Deformation factor for Al/Cu joints = 25, deformation factor for Al/GFRP
joints = 50

Table 3 Displacement calculated from tensile shear tests with damage initiation tractions Tm1 and Tm2 where change in
interface failure was to be expected as from the reference simulations

Displacement Damage initiation traction for failing interface Tm1 Damage initiation traction for intact interface Tm2

Al/Cu 1.2 lm 62 MPa 63 MPa
Al/GFRP 0.14 lm 8 MPa 9.5 MPa
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(c) direct contact between the joining partners with a wavy
interface

Each segment of the micro section was assigned to one of
the categories and the relative proportions for each category
were compared. Figure 13 shows the shares each category had
in the weld seam for the three different parameter sets Al/Culow,
Al/Cuhigh and Al/Cucomp. For all three parameter sets, the
unbonded regions, category a, constituted the majority of the
joining area, but the two sets Al/Cuhigh and Al/Cucomp which
had a higher rTS, also contained larger shares of category c.

Further information about the Al/Cu interfaces is given in
Table 4 considering the direction of the investigated sections
and more information regarding the individual characteristics.
As mentioned above, the ratio between the length of the bonded
interface line and the total interface line constitutes the linear
weld density. The difference in the linear weld density was
striking between the joints with lower (Al/Culow) and higher
(Al/Cuhigh and Al/Cucomp) rTS, (see Fig. 13) indicating an
overall larger bonded area for bonds with higher rTS, as
expected from the bond formation theories discussed in Sect. 1,
and confirmed by the investigations of the fracture surfaces,
discussed in the next section.

Category b and category c both contribute to the bonded
region but show very different interface geometries which are
worth further analysis. The detailed quantity and length of the
micro gaps (category b) is also listed in Table 4. The difference
in gap lengths between the considered parameter sets was
relatively small, but the Al/Culow joints, i.e., the joints with the
lowest rTS, contained most gaps per mm, which also is in
accordance with the abovementioned bond formation theory.

The wavy interface (category c) was characterized in two
ways: first, the general waviness and the resulting extension of

the interface line by 1.2–6.6% and secondly, the dimensions of
larger waves > 1 lm that were expected to support the joint
strength by interlocking, (see Fig. 12c). Both Al/Cuhigh and Al/
Cucomp joints featured major waves in their interfaces with a
length up to 40 lm and height up to and 6–8 lm, while Al/
Culow joints did not show any waves > 1 lm. In previous
research, the mechanical interlocking of the materials was often
cited as an important contributor to the formation of the bond or
its mechanical strength (Ref 10, 27). Since the joints with
higher rTS featured more major waves in the presented
investigation as well, the same could be concluded here.

3.1.1.3 Fracture Surfaces. Fracture surfaces from the ten-
sile shear tests were investigated under the light microscope. As
shown exemplarily in Fig. 14(a) and (b), the edges of the
bonded region are marked by the red line. It was possible to
determine the percentage of the bonded area with respect to the
entire joining area for the investigated strength levels, corre-
lating to the linear weld density determined in the analysis of
the micro sections (Table 4). Figure 14(c) shows the rising
relation between welding force and bonded area for parameter
sets with constant amplitude and sonotrode velocity. The
parameters investigated here were Al/Culow and Al/Cuhigh as
well as two additional parameter combinations with the same
amplitude and sonotrode velocity u = 25 lm, v = 10 mm/s,
F = 150 N and u = 25 lm, v = 10 mm/s, F = 250 N.

3.1.2 Al/GFRP Joints. 3.1.2.1 Tensile shear strength
rTS. Analogous to the Al/Cu joints, Al/GFRP joints with
specific rTS levels were generated. Al/GFRPlow joints with
rTS = 1.6 MPa were manufactured with an amplitude
u = 55 lm, an energy E = 700 Ws, and a pressure p = 1 bar,
while Al/GFRPhigh joints with rTS = 6 MPa were manufactured
with u = 55 lm, E = 700 Ws, p = 0.5 bar. Also, joints Al/

Fig. 12 Interface line for Al/Cu joints with different characteristics: (a) category a; (b) category b; (c) category c

Fig. 13 Shares in the weld seam with characteristics of the microstructure specified in Fig. 12. (a) Al/Culow (typical rTS = 4 MPa); (b) Al/
Cuhigh (typical rTS = 16 MPa); (c) Al/Cucomp (typical rTS = 12 MPa)
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GFRPcomp with rTS = 5 MPa were produced with u = 55 lm,
E = 500 Ws, p = 0.5 bar.

3.1.2.2 Investigation of the Interface Microstructure Via
Micro Sections. As explained in Sect. 1, the bond formation of
metal/FRP joints is heavily influenced by the proximity and
interlocking of the fibers and the metallic joining partner. From
previous research (Ref 31) it is also known that close proximity
or even interlocking between fibers and metallic joining
partners is associated with higher local shear strengths in
torsional US joints. The interfaces were categorized by five
characteristics, shown in Fig. 15:

(a) flat interface line with contact only between polymer
matrix and aluminum, large space between fibers and
aluminum

(b) deformation of both aluminum and polymer matrix by
welding

(c) flat interface line with contact between matrix and alu-
minum, with approximation of fibers to aluminum

(d) direct contact between fibers and aluminum
(e) interlocking between fibers and aluminum

Each segment of the micro sections was assigned to one of
the categories and the relative proportions for each category
were compared. Figure 16 shows the shares each category had

in the weld spot for the three different parameter sets Al/
GFRPlow, Al/GFRPhigh and Al/GFRPcomp.

Apparently, category a was by far the most prominent type
of bonding in all investigated joints, but especially for the Al/
GFRPlow joints, where it made up more than 75% of the weld
area. For Al/GFRPhigh and Al/GFRPcomp, the share of category
b constituted the greatest difference, whereas the percentages of
categories c-e were comparable over all three parameter sets,
even though there is a trend of a higher percentage of category
d and e in bonds with higher rTS.

The investigation of fracture surfaces with correlation to the
linear weld density and strength level of the joints was not
effective for the Al/GFRP joints. Due to the melting of the PA
matrix, the determination of the bonded area was associated
with high uncertainties. Another factor was, that the proximity
between fibers and metallic joining partner, which is the
essential for the analysis for metal/FRP joints, as illustrated by
Fig. 15, cannot be analyzed in a non-destructive way over the
whole area of the fracture surfaces. Therefore, CT-scans and the
analysis of microsections are a more suitable way to describe
the total interface of an Al/GFRP joint with respect to the whole
bond area.

3.1.2.3 CT-scans. CT-scans allowed to examine the char-
acteristics of the bonding area between the two joining partners
on a three-dimensional basis over the entire joining area. This

Table 4 Characteristics of the interface lines for Al/Cu joints

Micro section
Al/Culow
lateral

Al/Culow
longitudinal

Al/Cuhigh
lateral

Al/Cuhigh
longitudinal

Al/Cucomp

lateral
Al/Cucomp

longitudinal

Average rTS in MPa 4 16 12
Linear weld density* 17% 20% 45% 46% 41% 67%
Range of length of 80% of micro gaps in the

bonded line in lm
30–150 1–90 1–150 1–90 1–60 1–90

Number of micro gaps per 1 mm bonded line 2.5 1.9 1.4 0.7 1.7 0.8
Waves > 1 lm: width in lm … 1–40 6–40
Waves > 1 lm: height in lm … 1–6 1–8
Extension of the interface line by waviness 1.5% 1.2% 6.6%
*Calculation of linear weld density already includes the extension of the interface by waviness

Fig. 14 (a) Fracture surface of Cu-side for an Al/Culow joint (parameter set u = 25 lm, v = 10 mm/s, F = 200 N, typical rTS = 4 MPa); (b)
fracture surface for Cu-side for an Al/Cuhigh joint (parameter set u = 25 lm, v = 10 mm/s, F = 300 N, typical rTS = 16 MPa); (c) bonded area
for Al/Cu joints depending on the welding force (parameter set u = 25 lm, v = 10 mm/s, F = 150, 200, 250, 300 N)
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completed the classification of the contact between fibers and
metal in case of the Al/GFRP joints. Figure 17 shows six layers
of an Al/GFRP joint with a distance in the z-direction of
0.4 mm between each of them. The white reticle marks the
same x–y position on all layers for orientation. The fibers on the
right sides of the images are shown in a front view (cross
section) and the fibers on the left sides are shown in a side view,
so the bonding between fiber and metal can be viewed from
both possible angles in accordance with the orientations of the
fabric in 0� and 90�. Figure 17 shows how the Al adapted to the
undulation through plastic deformation. Additionally, a clear
connection between fibers and aluminum is visible on all six
layers over the distance of 2 mm, especially in the region
circled in Fig. 17. This verifies the successful interlocking
between fibers and metal in the whole joining area. Therefore,

the 2D FE-model of the interface region in this work can be
considered as representative for the whole joining area. Besides
the verification of successful welding processes, more detailed
CT-scans will provide data for 3D FE-models.

3.2 FE-Simulations of Microsegments

3.2.1 Al/Cu Joints. The geometry of the Al/Cu joint
considered for simulation on the microscale features a major
wave with a fully bonded interface and can be assigned to
category c. Before discussing the distribution of strain and
stress for failed and intact interfaces under loading, the new
values Tm1

¢ and Tm2
¢ needed to be determined. For this, Tm1

and Tm2 from the reference simulations served as starting
values. To assess whether the interface of the real models failed

Fig. 15 Interface line for Al/GFRP joints with different forms of bonding. (a) Category a; (b) category b; (c) category c; (d) category d; (e)
category e

Fig. 16 Shares in the interfaces with characteristics of the microstructure specified in Fig. 15. (a) Al/GFRPlow (typical rTS = 1.6 MPa); (b) Al/
GFRPhigh (typical rTS = 6 MPa); (c) Al/GFRPcomp (typical rTS = 5 MPa)
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under the given external load, the output value status of the
cohesive contact (CSTATUS) under the simulated conditions
(Ref 37) was evaluated. Figure 18 shows the status of the bond
for the Al/Cu joint depending on the used Tm. It becomes
apparent that the values Tm1

¢ for a completely failed interface
and Tm2

¢ for an intact interface were quite far apart from each
other, and that the transition between the two states contained
more intermediate states than was the case in the reference
simulations. The influence of the wave in the geometry on
damage initiation is well illustrated through these intermediate
states.

Figure 19 shows Exx and Sxx for Tm £ Tm1
¢, (failed

interface) and Tm ‡ Tm2
¢ (intact interface). In Fig. 19(a) and

(b), the applied displacement of 1.2 lm (0.4% strain), caused
the failure of the joint for Tm £ Tm1

¢. Strain mostly occurred
in the softer Al component of the joint and predominantly in the

inner part of the major wave as the wave started shearing off
after joint failure, accompanied by compressive stress in the
affected regions. The interlocking by the wave could absorb the
force induced by the displacement, indicated by the resulting
stress and strain and confirming the theory of increasing joint
strength due to plastic deformation and interlocking of the
joining partners.

In Fig. 19(c) and (d), for Tm ‡ Tm2
¢, the joint remained

intact. Like in the reference simulations (Fig. 11), this resulted
in strain in the peripheral zones of the interface line, but strain
in the immediate vicinity of the large wave is also visible.

Table 5 shows the resulting limits of the damage initiation
tractions Tm1

¢ and Tm2
¢ for the Al/Cu joint. The difference

between Tm1,2 and Tm1,2
¢ marks the influence of the interface

geometry on the behavior of the joint and is an indicator for the
alignment from microscale models to component scale models.

Fig. 17 CT-scan projection of the same xy-positions, indicated by the white reticle, of an Al/GFRP joint. (a) at 3.43 mm scan depth; (b)
3.03 mm scan depth; (c) 2.63 mm scan depth; (d) 2.23 mm scan depth; (e) 1.83 mm scan depth; (f) 1.43 mm scan depth in z-direction,
measured from the edge of the sample

Fig. 18 Evolution of the status of the bond from failing to intact interface depending on damage initiation traction Tm for the Al/Cu joint. (a)
Tm = Tm1

¢ = 64 MPa; (b) Tm = 90 MPa; (c) Tm = 100 MPa; (d) Tm = 110 MPa; (e) Tm = 125 MPa; (f) Tm = Tm2.
¢ = 174 MPa.

Deformation scale factor = 2
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3.2.2 Al/GFRP Joints. Models of the interface geometry
categories c (flat interface line with contact between matrix and
aluminum, with approximation of fibers to aluminum) and e
(interlocking between fibers and aluminum) are discussed in the
following since they represent variations with and without
direct contact between fibers and metallic joining partner. The
new values Tm1

¢ and Tm2
¢ were determined analogously to the

analysis of the Al/Cu joints. Figure 20 shows the status of the
bond for the Al/GFRP joint category e depending on the used
damage initiation traction.

Figure 21 shows Exx and Sxx for Tm £ Tm1
¢, (failed joint)

and Tm ‡ Tm2
¢ (intact joint) for both categories c and e. In

Fig. 21(a), (c), (e) and (g), the applied displacement of 0.14 lm
(0.15% strain), caused failure for Tm £ Tm1

¢.
Considering category c in case of failure (Fig. 21a),

compressive and tensile strain occurred in the PA matrix close
to the interface line due to the stiffer aluminum moving over the
PA surface while shearing off the PA surface roughness. In

contrast for the intact joint (Fig. 21b), strain occurred in higher
intensity around the glass fibers since Tm2

¢ was exceeded the
interface remained intact and the deformation was completely
transferred to the softest material in the system, the PA matrix.
In both cases the strain was accompanied by appropriate
compressive and tensile stresses in the affected areas (Fig. 21c
and d).

Similar effects were observed in the model of category e. In
case of failure, (Fig. 21e) small strain occurred in the aluminum
close to the interface line due to shearing. However, in this
case, the deformation was also transferred to the PA matrix,
indicating an absorption of force and hence, confirming the
effect of interlocking with respect to higher joint strength.
Additionally, the higher resulting stress close to the interface
between aluminum and glass fibers (Fig. 21g) in comparison to
the joints with a PA interlayer (category c Fig. 21c), indicates a
higher capability of force absorption under load for joints with
metal/fiber interlocking.

Fig. 19 Local strain and stress distribution in x-directions Exx and Sxx for the microscale model of an Al/Cu joint. (a) Exx for a failed interface
with Tm £ Tm1

¢; (b) Sxx for a failed interface with Tm £ Tm1
¢; (c) Exx for an intact interface with Tm £ Tm2

¢; (d) Sxx for an intact interface
with Tm £ Tm2.

¢. Deformation scale factor = 10

Table 5 Damage initiation stresses for failing and intact bonding contact in the interface under the given displacement
for the real Al/Cu joint

Tm1
¢ for failing

interface, real model
Tm1 from

simplified model
Deviation from
Tm1

¢ to Tm1

Tm2
¢ for intact

interface, real model
Tm2 from

simplified model
Deviation from
Tm2

¢ to Tm2

Al/Cu 64 MPa 140 MPa � 54% 174 MPa 162 MPa + 7%
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In the intact joint of category e (Fig. 21f) the same force
acted as in category c, but in contrast to category c there was no
soft PA interlayer to absorb it by deformation, resulting in low
strains but higher stress in the interface (Fig. 21h). Table 6
shows an overview of the limits Tm1

¢ and Tm2
¢ for the

displacement associated with the Al/GFRP joints for both
categories c and e. The comparison shows that Tm1,2 and Tm1,2

¢

differed by a significant percentage in most cases, which is to
be factored in for the further development of the contact model
on component scale. Note that the reference simulations for the
Al/GFRP joints were run with solely PA because the glass
fibers in the real models were arranged orthogonally to the load
direction.

4. Summary, Conclusions and Outlook

To develop a reliable FE model for US welded joints,
samples with clearly differing levels of strength were generated
for combinations of Al/Cu and Al/GF-PA to correlate relevant
interface characteristics with the resulting joint strength. Higher
and lower tensile shear strengths rTS were achieved by an
appropriate choice of the USW parameters. Al/Cu joints
manufactured in an US roll seam welding process with
rTS = 4 MPa and rTS = 16 MPa and Al/GFRP joints manu-
factured in a torsional welding process with rTS = 1.6 MPa and
rTS = 6 MPa were investigated. Microstructural characteristics
were categorized, quantified, and successfully correlated to rTS
including linear weld density, micro gaps and mechanical
interlockings.

As expected, larger linear weld densities, fewer micro gaps,
and mechanical interlocking lead to higher joint strengths.

Microscopic FE-models were created by importing images
from light microscopy and SEM including geometrical details
of the interface. Tensile shear tests of the US welded joints
provided information about the macroscale deformation behav-
ior that was implemented in the simulations. Damage initiation
traction was iteratively determined considering the bond status
under load.

The simulations of joints under tensile shear load showed
reasonable distributions of strains and stresses supporting
common theories with respect to the correlation of interlocking
with higher joint strength.

Finally, factors to implement the findings of this work in a
simplified geometry that could be used for component scale
models were determined for all joints investigated. However, a
realistic model requires a holistic characterization of the joints,
including relevant multiaxial load scenarios (e.g., tension,
compression, shearing, bending, torsion) and realistic ambient
conditions (e.g., temperature or environmental media). Also,
the effect of the different directions of the oscillations in the
various USW technologies on the geometry of the interface on
the microscale presents a topic for future investigations.

In conclusion, the main aspects of the study were:

(1) Categorisation and quantification of interface characteris-
tics with correlation to the joint strength.

(2) Transmission from microscopy images to FEM includ-
ing the determined interface characteristics.

(3) Development of a microscale contact model for US
welded multi-material joints

(4) Simulation of resulting stress and strain distribution at
and close to the interface under tensile shear load, sup-
porting common theories with respect to the correlation
of interlocking with higher joint strength.

Fig. 20 Evolution of the status of the bond from failing to intact interface depending on damage initiation traction for Al/GFRP category e
joint (a) Tm = Tm1

¢ = 3 MPa; (b) Tm = 5 MPa; (c) Tm = 6 MPa; (d) Tm = 7 MPa; (e) Tm = Tm2.
¢ = 8 MPa. Deformation factor = 20
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