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To combine the advantages of two materials, hybrid bulk metal workpieces are attractive for subsequent
processes such as metal forming. However, hybrid materials rely on the initial bond strength for the
effective transfer of applied loads. Thus, a non-destructive evaluation of the bonding along the production
process chain is of high interest. To evaluate to what extent non-destructive testing can be employed to
monitor the bonding quality between the joining partners steel and aluminum and to characterize the age
hardening condition of the aluminum component, ultrasonic testing and electrical conductivity measure-
ments were applied. It was found that a lateral angular co-extrusion process can create homogeneous
bonding although the electrical conductivity of the aluminum is altered during processing. A previous
bonding before the subsequent die forging process leads to a sufficient bonding in areas with little defor-
mation and is therefore, advantageous compared to unjoined semi-finished products, which do not form a
bonding if the deformation ratio is too small. An influence of the subsequent heat treatment on the bonding
is not visible in the ultrasonic testing signals though a homogenized electrical conductivity can be detected,
which indicates uniform artificial aging conditions of the aluminum alloy

Keywords aluminum, bond evaluation, hybrid bulk metal
component, non-destructive testing, process chain
monitoring, steel, tailored forming

1. Introduction

Non-destructive testing (NDT) is an important tool in
Industry 4.0 to enhance the sustainability, safety and product
quality of production processes (Ref 1). Following that, well-
established NDT techniques could also be used lead to an
improvement of new production processes. Newly developed
components must have properties such as a compact design,
low weight and enhanced functionality with respect to lifetime.
To meet these challenges and to reduce weight to save energy
and CO2 emissions, hybrid bulk material components are
promising (Ref 2). Currently, a number of different production
processes are applied to produce hybrid components like metal
arc joining (Ref 3), vacuum rolling (Ref 4), laser welding (Ref

5) or friction welding (Ref 6-8). Typically, the different
materials are joined at the end of the manufacturing process.
There are also processes such as tailored blanks where the
joining of two materials takes place before the forming process.
A tailored blank is a sheet metal blank that is typically
composed of different material grades and sheet thicknesses.
This prefabricated semi-finished product is then formed into the
desired component by deep drawing. By contrast, within the
Collaborative Research Centre (CRC) 1153, aluminum and
steel are combined in the first production step to produce load-
adjusted hybrid solid components with wear-resistant func-
tional surfaces (Ref 9, 10). This new approach allows for a
greater degree of control over the evolution of the interfacing
microstructure along the whole process chain. These process
chains, where the materials are joined in the first production
process, are challenging due to the different material properties.
Often, at least one material must be manufactured close to its
processing limits. To enhance the production of hybrid bulk
materials knowledge of the current material and joining status
in each process step is crucial to be able to adapt each process
step to tailor the desired components properties. Non-destruc-
tive testing methods are suitable to characterize microstructures
and bonding states. Generally, non-destructive testing methods
are increasingly used to monitor industrial processes due to the
increasing need in establishing the integrity and reliability of
engineering materials and parts (Ref 11).

Regarding the process design, numerical simulations can be
instrumental in identifying suited process parameters and to
predict the resulting interface and microstructure (Ref 9).
However, to improve the existing numerical models regarding
the influencing parameters and to enhance the process under-
standing, it is important to increase the quality of the input data.
In this context, non-destructive testing performed after indi-
vidual process steps can provide important information regard-
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ing material bonding and microstructure evolution toward
manufacturing defect-free hybrid components. The non-de-
structively gathered data allow conclusions to be drawn about
the component conditions and also permits targeted adjustment
of individual process steps.

Hybrid products manufactured by Tailored Forming are
required to have a firm bond between the joining partners to
withstand the loads occurring during their life cycle. Since
debonding between dissimilar materials is one of the most
critical failure modes, it is important to understand the
mechanisms for forming a material bond to ensure the safe
and reliable use of such hybrid structures in a variety of
applications. One approach to characterize the bonding prop-
erties and identify the influence of the processing parameters on
the properties of hybrid bulk metal components is to analyze
the bonding properties after each production step by destructive
testing methods like metallographic examinations and tensile
tests (Ref 12). Though this can be very useful, it is time-
consuming, and thus usually only a few number of samples can
be analyzed. In contrast, non-destructive testing methods can be
applied instead to monitor the workpiece property evolution
along the process chain or during its life cycle (Ref 13-16).
With such an approach, process knowledge regarding the
influencing parameters will be gained and a step-to-step
optimization is achievable.

To evaluate the suitability of a non-destructive monitoring in
a process chain, hybrid bearing bushings were produced by
Tailored Forming according to Thürer et al. (Ref 17). The
bonding between aluminum and steel was characterized by
ultrasonic testing along the process chain so that the influence
of each production step on the bonding gets obvious and not
only the bonding condition at the end of the process chain.
Additionally, the electrical conductivity was measured to
determine microstructural changes from process step to process
step. In previous investigations, Thürer et al. (Ref 17) observed
that segments of the bearing bushings did not always form a
continuous joining zone. Additionally, longitudinal weld seams
(LWS) were observed after the LACE process. LWS are the
joints that are created by re-welding the aluminum streams
divided in the die. The formation of LWS is a solid-state
bonding process for all profiles produced with chamber tools
and porthole dies. The quality of the LWS can be attributed to
the thermomechanical conditions (e.g., temperature, pressure)
inside the tool (Ref 18). Furthermore, the quality of the two
surfaces of the metal streams is decisive for the resulting
properties of the LWS. Due to the LWS, different microstruc-
tures and locally varying mechanical properties can be present
in the profile. Thus, it is useful to detect and located the LWS
for the following process steps by non-destructive testing since
cracks are likely to occur at the LWS within the die forging
process. Knowing the position of the LWS, an adaption of the
process parameters of the following process steps might be
possible to avoid cracking.

For the given task, the joining zone was non-destructively
monitored by ultrasonic testing along the process chain.
Ultrasonic testing is commonly used to analyze thin coatings
on metals regarding their characteristics and possible cracks or
debonded areas (Ref 19, 20). This technology is a suitable and
well-known method to characterize joints for various materials
(Ref 21-24). In addition, the microstructure evolution (i.e., the
artificial aging) of aluminum alloys can be monitored by
measurements of the electrical conductivity by eddy current
testing (Ref 25-28). Thus, both these two methods were applied

to foster the process knowledge by analyzing the bonding
between steel and aluminum alloy and characterizing the
electric conductivity related to the precipitation hardening in
the aluminum alloy for three different process steps within the
Tailored Forming process chain. The aim is to ensure a high
workpiece quality excluding any debonding at an early stage of
the process chain of the production.

2. Materials and Methods

2.1 Process Chain

The process chain for manufacturing hybrid solid compo-
nents using Tailored Forming is divided into the following
steps. LACE was used as the first step to produce hybrid semi-
finished workpieces in the form of steel-aluminum profiles,
which were then segmented for the following die forging
process. Subsequently to the die forging which forms the
bushings, a heat treatment was carried out and the bushings
were machined into their final shape. The whole process chain
is displayed in Fig. 1. Non-destructive testing methods were
employed between the process steps to determine the state of
the joining zone and the electrical conductivity of the aluminum
alloy. The geometries of the co-extruded and then segmented
workpieces and the bearing bushings are depicted in Fig. 2.

2.1.1 LACE Process. The LACE tool and the process are
described in detail in (Ref 17). For these experiments, the
wrought alloy EN AW-6082 was chosen and the reinforcing
inner steel tube was made of the ball and roller bearing steel
100Cr6. It had an outer diameter of 44.5 mm and an inner
diameter of 32 mm. The extrusion ratio equaled 11:1 in the
LACE process.

2.1.2 Die Forging. The die forging tool and the process
are described in detail in (Ref 29). For forging, the semi-
finished products were extruded using LACE with subsequent
machining to the final geometry ([ 32 inside, [ 60.5 mm
outside, height 90.9 mm). For preliminary investigations,
additional non-extruded, thus unjoined, semi-finished products
were also manufactured by machining a steel cylinder (100Cr6,
[ 32 inside, [ 44 mm g6 outside, height 90.9 mm) and an
aluminum cylinder (EN AW-6082, [ 60.5 mm outside,
[ 44 mm H7 inside and equal height) with a clearance fit.
Before heating, the semi-finished products were coated with a
graphite-based lubricant on the aluminum outer sides. After-
ward, the bearing bushings were cleaned to ensure no
interfering of the graphite with the non-destructive measure-
ments.

2.1.3 Heat Treatment. Due to the multiple heating,
forming and cooling operations required for co-extrusion and
forging, the aluminum alloy exhibited a non-standard
microstructure and heat treatment condition after die forging.
Hence, subsequent solution annealing, quenching in water and
artificial aging were performed using an electrically heated
convection furnace to restore the aluminum alloy to a T6
condition. For solution annealing, the EN AW-6082 alloy has
to be heated to temperatures between 500 and 540 �C. These
temperatures foster the growth of intermetallic phases in the
joining zone. In previous investigations it was found that at a
solution annealing temperature of 500 �C, the growth rate of
the intermetallic phases was sufficiently reduced compared to a
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temperature of 540 �C and, at the same time, it was possible to
achieve adequate strength of the aluminum component (Ref
30). To identify suitable heat treatment conditions, four forged
bearing bushings were cut into segments using electrical
discharge machining, cf. Fig. 2. The microstructural properties
of the bearing bushings can differ depending on the position
along the axis of the extrusion profile from which these
originated (see section. 2.1.1). By dividing the bearing bush-
ings into four segments, an identical heat treatment could be
applied to different bearing bushings as well as different heat
treatments for the same bearing bushing. For reference, one
segment per bushing was not heat treated to characterize the as-
fabricated condition after die forging. Four thermocouples were
placed near the joining zones of two segments to monitor the
temperature on the sample surfaces over the heating time. For
temperature measurement, holes were drilled perpendicular to
the surface up to the joining zone in the steel and the aluminum
sections and the thermocouples were then glued in place with
conductive cement. The furnace temperature was set to 500 �C.
After 25 min in the furnace, a temperature of 500 �C was
reached at all four thermocouple locations. Experiments with
different solution annealing times for the T6 heat treatment
were carried out on the other segments. Thereby, one segment
per bearing bushing, i.e., four pieces per heat treatment, were
solution annealed using a solution annealing time of 5 min
(heat treatment 1), 15 min (heat treatment 2), 25 min (heat
treatment 3) or 35 min (heat treatment 4) were chosen. The
segments were quenched in a water bath and then directly
artificially aged in second furnace at 150 �C for 24 h.

2.2 Metallographic Examinations

Light-microscope images were taken using a Leica
DM4000M microscope (OLYMPUS, Tokyo, Japan) of metal-
lographically ground and polished cross sections. A Scanning
Electron Microscope (SEM) Supra 55VP (CARL ZEISS AG,
Oberkochen. Germany) was used for higher resolutions images
of the ground and polished cross sections and energy dispersive
x-ray diffraction (EDX) was employed to map the element
distribution.

2.3 Hardness Measurements

Hardness measurements (HV0.5, Force of 4.903 N) were
conducted using a hardness tester Q10A + (VERDER SCIEN-
TIFIC GmbH, Haan, Germany) before and after the heat
treatment on the segments presented in Fig. 2. A strongly
deformed area, position 4 in Fig. 2(b), and a lightly deformed
area, position 2 in Fig. 2(b), were investigated at six to ten
positions. The specimens were embedded in epoxy resin,
ground and then polished to a 3 lm finish. They were then fine-
machined with a vibratory polishing machine.

2.4 Shear Tests

The shear tests to characterize the bonding strength were
carried out on segments according to the test setup described by
(Ref 31). The setup was installed in the universal testing
machine Type LFEM 100 from WALTER + BAI AG,
(ZWICKROELL GmbH & Co KG, Ulm, Germany. The test
speed of the punch was 2 mm/min and the pre-load force was
100 N. The thickness of the specimen was determined using a
caliper gauge. The circular arc of the joining zone was
previously measured by laser microscope VR-3200 laser
microscope (KEYENCE, Osaka, Japan) so that the area of
the bonding zone was known and shear stresses could be
determined with the values from the installed load cell. The
measurement accuracy of the laser microscope for the width
measurement was ± 5 lm.

For the examination, the bearing bushings were first divided
into six segments elements of equal size from areas 1 to 5
depicted in Fig. 2(d). The specimens were taken in such a way
that the bonding zone in the transition area was as parallel as
possible to the force direction of the punch. All specimens were
manufactured plane-parallel and the material thickness was
10 mm in each case.

2.5 Non-destructive Testing

Ultrasonic testing and electrical conductivity measurements
based on eddy current testing were employed after three
process steps, as described in Fig. 1, to characterize the

Fig. 1 Process chain to produce a hybrid bearing bushing with locally adapted properties and functions; non-destructive characterization is used
between every process step to determine the material and bonding properties
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microstructure and bonding state. Hence, two different part
geometries were analyzed, namely the co-extruded semi-
finished product and the die-forged bearing bushing, see
Fig. 2(a).

In Fig. 2(b), the positions of the measurements for the die-
forged samples are depicted. Ultrasonic testing and electrical
conductivity measurements were conducted at five positions
longitudinally and six positions around the circumference. A
similar measuring pattern was applied for the ultrasonic testing
of the co-extruded samples. However, the electrical conductiv-
ity measurements were conducted at four longitudinal positions
on the co-extruded samples as well as 32 positions over the
circumference to be able to detect the longitudinal weld seams
with high accuracy. For the heat treated samples, only the
smaller bearing bushing pieces according to Fig. 2 were tested.
That is why only at three positions according to Fig. 2(b)
measurement results are displayed.

2.5.1 Ultrasonic Testing. Ultrasonic testing was con-
ducted manually using a USLT 2000 device (Krautkramer,
Celle, Germany). An impulse-echo sensor was employed with a
diameter of 7.5 mm and was used at a frequency of 15 MHz.
Water was used as the coupling agent.

In following, the ultrasonic testing sensor was placed on the
aluminum layer. A first echo results from the signal reflected at
the backside of the aluminum layer as shown in Fig. 6(a). If
there were no bonding at all, only the signal of the aluminum
layer would be detected in the ultrasonic impulse-echo
measurements. The distance to the first echo equals the
thickness of the aluminum component. If the measurement
time is long enough, a second echo can be located at four times
the thickness of the aluminum. In this case, the signal traveled
twice to the backside of the aluminum layer and back to the
receiver. The second echo is weaker than the first one due to the
damping of the ultrasonic waves inside the material, cf.
Fig. 3(a). The red line symbolizes the signal damping. If there
is a successfully established joint, the second echo also includes
the reflection from the backside of the steel layer. If this is the

case, the second echo is higher than the first echo because only
a small amount of the ultrasonic wave is reflected on the
interface between aluminum and steel and a bigger part is
reflected by backside of the steel layer. If the second echo is
higher than the first echo, a joining can be assumed, see
Fig. 3(b).

2.5.2 Electrical Conductivity Measurements. Electrical
conductivity measurements were conducted using a Sigmatest
2.069 device (Foerster, Reutlingen, Germany) with a frequency
of 480 kHz and a sensor diameter of 7 mm. Every measure-
ment point was measured probed three times. With the eddy
current technology, only the electrical conductivity of non-
ferromagnetic materials can be determined. Here, electrical
conductivity measurements were used to monitor the
microstructural changes in the aluminum alloy. Specifically,
precipitations upon artificial aging affect the electrical conduc-
tivity, and eddy current technology is a well-known method to
monitor the hardening process of aluminum alloys (Ref 25-28).
As described by Pankade et al. (Ref 27) the electrical
conductivity is the most important parameter associated with
hardenable (7xxx) aluminum alloys, and it directly reflects the
condition of such alloys. Oliveira et al. (Ref 32) also described
that there is a relationship between the electrical conductivity
and the heat treatment conditions of 2xxx aluminum alloys. The
change in the electrical conductivity is attributed to various
precipitation stages resulting from different heat treatment
conditions (Ref 27).

3. Results

Figure 4 shows shear strength results after the die forging
and prior to the heat treatment, as described in chapter 2.3. The
shear strength result are correlated with the ultrasonic testing
signals, which were measured before the shear tests. As
described in Fig. 3, depending on the height of the second

Fig. 2 Geometries of (a) a co-extruded semi-finished hybrid workpiece and (b) a hybrid die-forged bearing bushing consisting of steel (St) and
aluminum (Al), measurement positions at the bearing bushing for ultrasonic testing and eddy current testing (c) over the circumference, (d) over
the length, gray lines symbolize cuts for segments (e) schematic of the four segments cut from bearing bushings for heat treatment
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echo, a good (+) or no bonding (�) was assumed. It can be
seen, that the ultrasonic results correlate well with the achieved
shear strength.

In Fig. 5, the results of the ultrasonic testing after LACE as
well as after the die forging process are presented. Areas where
bonding was detected are marked in green, areas with no
bonding or insufficient bonding are shown in red. After the
LACE process, a homogeneous joint between aluminum and
steel is seen. After die forging of the co-extruded sample, local
delamination was observed in the highly deformed areas. By
contrast, the non-extruded sample, which had the steel tube
only placed inside the hollow aluminum cylinder prior to
forging, were assumed to have a better bonding in the highly
deformed areas. However, in the regions that were not or only
slightly deformed by die forging, no bonding was achieved.

The heat treatment did not to have a measureable influence
on the boding created by LACE, see Fig. 6. If a debonding was
detected, its position was more likely to be in the highly
deformed area. In Fig. 7(a) and (c), light-microscopic images of
a sample with no joint are displayed. These were taken from the
strongly deformed area of the bearing bushing that was
previously co-extruded and die-forged. It is evident that a
debonding exists between the aluminum alloy and the steel.
Figure 8 shows additional EDX measurements and SEM
pictures of a debonded area. By contrast, Fig. 7(b) and (d)
depicts a bonded structure where an intermetallic phase had
formed between the joining partners. These cross sections were
taken from a lightly deformed area. In Fig. 8(a), the gray areas
between the steel and aluminum are intermetallic phases
containing silicon. Figure 8(c) shows the EDX element map-
ping of an area where no intermetallic phase was formed (e.g.,
debonded area). Here, oxides get obvious along the steel and
aluminum interface.

In addition to ultrasonic testing, the electrical conductivity
of the aluminum alloy was monitored at three steps of the
process chain to establish a correlation between the processing
parameters and the resulting microstructure properties. After
the LACE process, see Fig. 9, an elevated electrical conduc-
tivity between 29.5 and 31.5 MS/m was detected with a
measurement variation of less than 0.25 MS/m for each
measurement point taken. As reference, Vetterlein (Ref 33)
observed an electrical conductivity for EN AW-6082 of 25-29
MS/m when artificially aged for 0.1-1000 h. However, an
elongated region featuring a lower electrical conductivity of
about 29.5 MS/m oriented lengthwise can be seen. According
to Engelhardt et al. (Ref 28), even small observed variations of
the electrical conductivity during tactile eddy current testing
can be attributed to locally differing microstructural properties,
e.g., in LWS. Hence, it was concluded that the area showing a
reduced electrical conductivity is a LWS. This could later on be
confirmed in optical micrographs of cross sections etched with
hydrofluoric acid.

After die forging, the LWS was no longer detectable.
Moreover, the overall electrical conductivity decreased and an
inhomogeneous electrical conductivity resulted over the length
of the part. The subsequent heat treatment resulted in a further
reduced electrical conductivity, see Fig. 9. Here, the electrical
conductivities of samples, which were first co-extruded and
then die-forged, were measured at the positions 2-4, see
Fig. 2(b), before and after the heat treatment. In this case, four
different bearing bushings were divided into smaller segments
and the four different heat treatments described in chapter 2.1.3
were applied. Positions 1 and 5 have not been analyzed since
the samples were cut out of the bearing bushing and shortened
for the heat treatment, see Fig. 2. Prior to the heat treatment,
elevated electrical conductivities could be determined, see
Fig. 10a. After the heat treatment, the electrical conductivity

Fig. 3 Exemplary ultrasonic testing signals: (a) when no joining has occurred, (b) when joining between the aluminum and the steel is intense
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decreased, cf. Fig. 10(b) and there was no significant difference
for the four different heat treatment routes. A similar level of
electrical conductivity was observed for all three positions after
the heat treatment. Thus, it can be assumed that a homogenous
precipitation hardening along the whole sample was achieved.

The electrical conductivity measurements averaged over all
three measured positions were supplemented with hardness
measurements, see Fig. 11. The heat treatment labeled with
zero is the reference condition directly after die forging without
any additional heat treatment according to chapter 2.1.3. The
hardness increased significantly due to the heat treatments. The
hardness measurements reveal that there is only a slight
difference between the strongly and lightly deformed areas.
This contrasts the electrical conductivity measurements, where

a certain difference between the different regions of the bushing
is detectable prior to the heat treatment. From the hardness
measurements it is clear that even the shortest dwell times (heat
treatment 1) during solution annealing were sufficient to
establish a T6-condition (Ref 34).

4. Discussion

Ultrasonic testing was applied to analyze the bonding
between two metals featuring a similar thickness each as well as
similar sound wave speeds. The ultrasonic waves are reflected
at boundaries where the material properties of the materials on

Fig. 4 Correlation between shear strength of pieces of tailored formed bearing bushings and ultrasonic testing signals before the heat treatment

Fig. 5 Ultrasonic testing results for bearing bushings (a) extruded and then die-forged and (b) for unjoined steel and aluminum tubes with
subsequent die forging
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both sides of the interface differ. This difference is often
referred to as impedance mismatch. The greater the impedance
mismatch, the greater the percentage of energy reflected at the

boundary or the boundary between one medium and another
medium (Ref 20). This effect can be exploited to correlate the
signals with the bonding status of the workpieces. Fortunato

Fig. 6 Ultrasonic testing results for pieces (measurement position 2-4 from Fig. 2(b) of tailored formed bearing bushings (a) before and (b)
after the heat treatment

Fig. 7 Metallographic cross sections after heat treatment of highly deformed areas: (a) heat treatment 1, (c) heat treatment 4 and lightly
deformed areas, (b) heat treatment 1, (d) heat treatment 4; heat treatments according to chapter 2.1.3

Journal of Materials Engineering and Performance



et al. (Ref 22) described that phased array ultrasonic testing is
able to detect non-welded specimens but cannot distinguish
specimens with major hook defects from specimens correctly
weld bonded with small hook defects. Hence, future investi-
gations should focus on the detectable minimum size of
possible defects in the bearing bushing production.

The forecast of the bonding quality by ultrasonic testing can
be correlated to the shear strength, see Fig. 4. These shows that
the analysis of signals presented in Fig. 3 can be used to

evaluate the joining zone between aluminum and steel.
According to the ultrasonic testing results a homogeneous
joining zone was produced after the LACE process (see Fig. 5).
Based on previous results, it can be assumed that intermetallic
phases like FeAl2, Fe2Al5 or FeAl3 have been formed between
aluminum and steel (Ref 25, 35, 36). However, no direct
correlation of the ultrasonic testing signals to the thickness and
type of intermetallic phases was found. Regarding the mechan-
ical properties of the interface, the thickness of the intermetallic

Fig. 8 (a) SEM recordings of Fig. 7(a), (b) selected region for EDX analysis, (c) element mapping of a non-bonded area

Fig. 9 Electrical conductivity for an extrusion pressed sample and a die-forged bearing bushing
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phases is important. Once a certain thickness is exceeded, the
mechanical properties decrease significantly (Ref 29). This can
result in a failure of the joining zone during the die forging as
observed by ultrasonic testing in the strongly deformed sections
of the bearing, see Fig. 5. However, when aluminum and steel
are forged in the die without an initial connection (see
machining condition in Fig. 5), no bond is created if the
degree of deformation is insufficient. For such workpieces,
bonding only occurs in strongly deformed sections. In some
cases, intermetallic phases are formed during die forging due to
the elevated forming temperatures (Ref 10, 37). Thus, it can be
concluded that stress and heat management in the closed-die
forging process can either enhance or prevent a bond between
aluminum and steel. For the bearing bushings produced here,
this is a major disadvantage, since certain sections of the
workpiece show low degrees of deformation, and thus no joint
is formed in these areas. Therefore, the use of co-extruded
samples is advantageous since a connection already exists prior
to the die forging. In this case, however, the process parameters
for the highly deformed areas have to be adjusted to prevent
deterioration of the bonding. Ultrasonic testing is a useful

method to determine the joining status before and after the die
forging process. Thus, it can assist to identify suitable die
forging parameters to avoid debonding or enhance the joint
creation. The information from ultrasonic testing can be used,
for example, in numerical simulations (Ref 9) prior to the
closed-die forging process, and thus to adapt the process
parameters. Here, the inductive heating parameters are of
particular importance (Ref 10, 11) since different inductive
heating strategies can influence the thickness and nature of the
intermetallic phases formed in the bond (Ref 10, 38). Hence, it
may be possible to prevent a debonding in the highly deformed
regions by adjusting the heating strategy.

Furthermore, it was found that the electrical conductivity of
the aluminum alloy was not completely homogeneous along
both the sample length and the circumference after the LACE
process. This is likely due to local deviations in the microstruc-
ture, and thus material properties. For example, it was possible
to detect one of the four LWS. Previous investigations showed
that typically all weld seams could be localized after the
extrusion (Ref 31). After the following die forging process, the
LWS was no longer detectable. Hence, it can be concluded that

Fig. 10 Electrical conductivity for pieces (measurement position 2-4 from Fig. 2(b)) of tailored formed bearing bushings: (a) before and (b)
after the heat treatment, heat treatment according to chapter 2.1.3
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the heating required for the die forging process results in a
certain homogenization of the microstructure in radial direction
though the electrical conductivity is decreasing over the bearing
bushing length, cf. Fig. 9. Thus, no fully homogeneous
microstructure of the aluminum is present. Hence, a heat
treatment is required to ensure homogeneous mechanical
properties in all aluminum sections of the workpiece.

By the heat treatments conducted, a homogenization of the
microstructure was achieved, which could be observed from the
measurements of the electric conductivity. However, a longer
heating time did not result in a higher electrical conductivity as
was described by Uliasz et al. (Ref 26). Hence, the heating
times employed here do not seem to influence the aluminum
microstructure significantly enough to result in detectable prop-
erty changes. The hardness of the aluminum alloy increased for
all applied heat treatment regimes, which correlates with a
reduction in the electrical conductivity and is in accordance
with previous observations (Ref 26, 32), cf. Fig. 10 and 11. The
correlation between the electrical conductivity and microstruc-
ture properties such as grain size, precipitations and especial
Guinier-Preston zones, cold hardening effects and solid alloy
solutions is very complex (Ref 39) and should be analyzed
further. Moreover, it was shown that the subsequent heat
treatment has no influence on the joining zone (cf. Fig. 6) to an
extent that would be detectable by ultrasonic testing.

Regarding the process chain of Tailored Forming, non-
destructive testing is applicable to monitor the evolution of the
workpiece status at each individual process steps. By analyzing
the joining zone after the LACE process, adaptions of the die
forging process to ensure a homogeneous bonding can be
facilitated. The subsequent heat treatment is suited to homog-
enize the aluminum and to reach T6 conditions without a
deterioration of the joining zone.

Clearly, non-destructive testing can lay the basis for
understanding the influence of different process parameters
and enables a step-to-step process control. Further research
needs to be performed to find a possibility to characterize the
thickness of the intermetallic phases by using non-destructive
testing. This in turn would allow improving the bonding and
material properties further.

5. Conclusions

Non-destructive testing was employed between three pro-
duction steps of a process chain used to produce hybrid bearing
bushings by Tailored Forming. Using both ultrasonic testing as
well as eddy current measurements, changes of the joining zone
conditions between the joining partners and the microstructure
of the aluminum alloy were monitored. It was found that:

• These non-destructive methods can be used to monitor the
component properties after each production step.

• Bonding and aluminum microstructure are dependent on
the deformation rate and the time-temperature profile and
can be modified by adapting the parameters on basis of
the non-destructive testing.

• Pre-joined semi-finished products lead to a
detectable bonding in areas at low deformation ratio un-
like unjoined semi-finished products.

• Although the heat treatment reproduced the T6 status of
the aluminum alloy, no difference in the quality of the
bonding in the joining zone was detected by ultrasonic
testing.

• Eddy current testing could be used to minimize the heat
treatment time by monitoring the microstructure within
the heat treatment.

• The heat treatment is homogenizing the microstructure so
that no microstructure differences in LWS can be detected
with simultaneous not influencing the bonding.
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