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Abstract: This article examines contacting by means of ultrasonic welding between a cast 
aluminum winding and a copper conductor of a wheel hub drive for a passenger car. The 
effect of thermal stress on the formation and growth of intermetallic phases (IMC) in the 
contact is analyzed. By using microscopy, the growth constant under the specific load 
conditions can be identified with the help of the parabolic time law and offer a possibility 
for predicting the service life of the corresponding contacts. As a result, it can be stated 
that the increase in electrical resistance of the present contact at load temperatures of 120 
°C, 150 °C, and 180 °C does not reach a critical value. The growth rates of the IMC also 
show no critical tendencies at the usual operating temperatures (120 °C and 150 °C, e.g., 
at 150 °C = 4.59 × 10−7 μm2/s). The activation energy calculated using the Arrhenius plot 
of 155 kJ/mol (1.61 eV) can be classified as high in comparison to similar studies. In addi-
tion, it was found that future investigations of the IMC growth of corresponding electrical 
contacts should rather be carried out with electric current. The 180 °C sample series were 
carried out in the oven and with electric current; the samples in the oven did not show 
clear IMC, while the samples exposed to electric current already showed IMC under the 
microscope. 

Keywords: electric vehicle; traction motor; powertrain; reliability; aluminum; copper; 
electrical contacts; intermetallic phases 
 

1. Introduction 
Electric Drives are finding new applications due to the electrification of passenger 

transportation. To make these drives lighter and more cost-effective, a cast aluminum 
winding can be used. The weight reduction compared to copper is advantageous for the 
tire-sprung masses of a wheel hub drive. The development focus here is on service life, 
reliability, and increasing the power density of the corresponding drives. One way of 
making the drive smaller, and thus increasing the volumetric power density, is to use 
copper in the interconnection. Due to the possible current density and the necessary air 
gap distances compared to aluminum, the surrounding system, e.g., housing, can be built 
smaller. Contacting with copper is generally necessary in a vehicle, as copper cables are 
usually used [1]. The aging mechanism discussed in this publication, which is mainly de-
termined by the joining technique and the application conditions, is interdiffusion. The 
formation of intermetallic phases between an electrical contact of copper and aluminum 
is solely related to the contact and can already be generated during joining. When using 
an electric drive with a cast aluminum coil, contact with a copper conductor is one of the 

Academic Editors: Syed Sabir 

Hussain Bukhari, Jorge Rodas and 

Jesús Doval-Gandoy 

Received: 17 December 2024 

Revised: 12 January 2025 

Accepted: 20 January 2025 

Published: 25 January 2025 

Citation: Hempel, M.; Umland, N.; 

Busse, M. Investigation into the  

Prediction of the Service Life of the 

Electrical Contacting of a Wheel Hub 

Drive. World Electr. Veh. J. 2025, 16, 

68. https://doi.org/10.3390/ 

wevj16020068 

Copyright: © 2025 by the authors. 

Submitted for possible open access 

publication under the terms and 

conditions of the Creative Commons 

Attribution (CC BY) license 

(https://creativecommons.org/license

s/by/4.0/). 



World Electr. Veh. J. 2025, 16, 68 2 of 17 
 

most important factors for the reliability of the drive due to known aging mechanisms 
through the formation and growth of intermetallic phases (IMC) in connection with the 
increase in electrical resistivity. 

In preliminary investigations, ultrasonic welding was identified as the favored join-
ing process for the contacting task at hand due to its very good joining results and its tool 
geometry. The diffusion mechanisms between aluminum and copper can vary due to the 
manufacturing process [2], making it appear to be necessary to investigate the ultrasoni-
cally welded joint in the application of a traction drive. The connection should be designed 
as an overlap connection to ensure a large joining area. In the planned application of elec-
trical contacting of a wheel hub drive, peak temperatures of a maximum 180 °C are per-
missible at the end winding, which is limited due to the insulation system. The insulation 
is specified to insulation class H in accordance with DIN EN 60085. The maximum oper-
ating temperature of the winding is 150 °C, and the normal operating temperature is 120 
°C. For these temperatures, a service life prediction must be determined based on the 
growth kinetics of the intermetallic phases and the resulting electrical resistance in order 
to ensure the long-term functionality of the wheel hub drive. 

There are several scientific publications that describe corresponding investigations 
on copper–aluminum compounds. M. Oberst et al. describe bolted connections that they 
heated up to 200 °C in 30 K steps in an oven and compared the electrical resistivity with 
the values before aging [3] A. Elkjaer et al. produced butt welds using special friction stir 
welding and aged them at 200 °C, 250 °C, and 350 °C for 1000 h. The growth rate of the 
IMC was then determined and compared with the existing literature [4]. Ultrasonically 
welded copper–aluminum compounds were investigated in [5–7], and their activation en-
ergy and growth rate were determined. However, these investigations were carried out 
on small copper wires with wire diameters of, e.g., 20.32 μm [5], 50.8 μm [6], and 2 μm 
[7], which were bonded to aluminum layers. In these investigations, the samples were 
aged at 250 °C, and, subsequently, the growth rate was determined. H.J. Kim et al. showed 
a growth rate of 6.833 × 10ିଵସ cm2/s [7], and H. Xu et al. calculated the growth rate on the 
basis of his studies with 2.46 × 10ିଵ଻ m2/s [6]. In comparison to the planned contacting, 
the identified publications were carried out with different materials or their states, differ-
ent sample production methods, different aging holding times, and different load temper-
atures. Funamizu and Watanabe already wrote in 1970 that “Intermediate phases can be 
formed in a diffusion zone in many different ways” [8]. S. Pfeifer also presented the dif-
ferent results in relation to the IMC in her work. She shows that the electrical resistivity 
and phase widths resulting from different joining processes after joining are not the same 
[2]. The overview compiled by Elkjaer et al. from 2022, which describes the various inves-
tigations of the diffusion properties of copper–aluminum compounds of different joining 
processes and the resulting growth kinetics, shows a similar situation [4]. With regard to 
growth rate and the electrical resistivity, the results show a need for individual investiga-
tion for planned contacting in order to make it work reliably. Following this train of 
thought, the main objective of this work is to record the increase in electrical resistance at 
typical operating temperatures of an electric traction drive. Based on practical investiga-
tions, which are carried out very close to the application with regard to the samples and 
thermal aging, a basic statement on the usability of the electrical contacting of cast alumi-
num windings is to be made. A comparison between thermal aging using electric current 
and the oven should improve the validity of future investigations. IMC formation and 
growth are to be determined in order to evaluate the influences of this aging mechanism 
in relation to the increase in electrical resistance. The investigations are intended to pro-
vide an opportunity to expand innovative technology concepts for electric traction drives 
for passenger transportation. In the present case, the contacting of the cast aluminum 
winding represents a novelty worthy of investigation. The identification of the activation 
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energy of intermetallic phases of the contacting can be used to predict aging in use. If the 
electrical resistance and mechanical stability requirements are known, aging can be pre-
dicted by recording the contacting temperature during the use of such a drive using the 
activation energy values described in this publication. 

2. Materials and Methods 
In the planned investigation, the entire IMC is to be analyzed, i.e., the individual 

phases, their thickness, and the specific electrical resistivity are not considered, but the 
overall width of the IMC and the change in the electrical resistance of the contacting. For 
the investigation, the ultrasonically welded samples are to be heated to 180 °C both in the 
oven and with an electric current, and are to be held for 48 h, 120 h, and 240 h. This should 
enable a comparison of the accelerated thermal aging of the electrical contacting of a trac-
tion drive. In further investigations, the described operating temperature of 120 °C and 
maximum operating temperature of 150 °C are to be set by means of an electric current 
for the specified holding times. Finally, samples are to be subjected to an electrical current 
in endurance tests at an operating temperature of 120 °C for 30 days. The change in elec-
trical resistance and the formation and width of the intermetallic phases are to be recorded 
as a quality criterion using microscope images and a scanning electron microscope (SEM). 
The data obtained are then evaluated for their criticality. 

2.1. Sample Preparation 

For sample preparation, the cast aluminum coil is to be contacted with a formed cop-
per conductor. An ultrasonic welding system from BRANSON L20 with 20 kHz and 4.0 
kW power is used [9], which has a probe size of (4 × 6) mm you can see in figure 1 the red 
arrows. The joint was made in an overlap joint, and the samples were positioned using 
stops to ensure reproducibility and to ensure that the respective material proportions of 
the base materials were the same in the subsequent measurement. The more ductile ma-
terial was turned towards the sonotrode for better coupling of the vibration during ultra-
sonic welding. The sonotrode acted on the more ductile material (aluminum). The param-
eter set used for welding had an energy of 500 J, an amplitude of 52 μm, and a welding 
pressure of 0.124 N/mm2. The following Figure 1 shows the sample production. 

 

Figure 1. Sample preparation with the ultrasonic welding system (left) and a sample (right). 

2.2. Materials 

As already mentioned, aluminum coils are manufactured by casting. The coils are 
tapered towards the inner diameter to increase the groove filling. For this purpose, the 
conductors at the slot base are rather flat and wide, whereas the conductors at the tooth 
head are rather high and narrow. In this application, the conductor ends for contacting 
vary in a range from 0.8 mm to 1.3 mm in height and from 7.15 mm to 9.6 mm in width 
due to the casting process. Due to the variable geometry of the sample, the dimensions of 
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each sample were measured to calculate the specific electrical resistivity. To produce the 
samples, approximately 40 mm long conductor ends are cut from the individual coil to 
produce simple flat conductors. The physical properties of the aluminum material are 
shown in the following Table 1. 

Table 1. Material properties of aluminum AL 99.7R [10]. 

Properties Unit Manufacturer Value Own Measurements 
Melting point °C 655–660  

Specific electrical resistivity μΩcm 2.74–2.90 3.06 
Density g/cm3 2.67  

Tensile strength N/mm2 80–120 62 
Yield strength N/mm2 20–40 22 

To obtain more accurate results, the tensile strength, yield strength, and electrical 
resistivity of the aluminum after casting are measured. Differences between the measured 
values and the material’s specifications show the influence of the casting process. 

The copper material is a rolled strip material made of deoxidized oxygen-free copper, 
Cu-PHC. The copper samples are cut from a 15 m long strip into 40 mm long pieces, and 
thus have geometric dimensions of 0.8 mm × 10 mm × 40 mm. The following Table 2 shows 
the properties of the material. 

Table 2. Material properties of copper Cu-PHC [11]. 

Properties Unit Manufacturer Value Own Measurements 
Melting point °C 1083  

Specific electrical resistivity μΩcm ≥1.72 1.72 
Density g/cm3 8.94  

Tensile strength N/mm2 220–260 240 
Yield strength N/mm2 ≤140 87 

2.3. Experimental and Measurement Setup 

To determine the influence of different thermal aging emulation methods, a prelimi-
nary comparison between oven treatment at 180 °C and treatment using an electric current 
is conducted. Tests at the maximum operating temperature (150 °C) and operating tem-
perature (120 °C) were carried out with an electric current. The holding time is set to up 
to 10 days (240 h), according to DIN EN 61189-1. To identify the corresponding changes 
below this time, further reference points are determined after 48 and 120 h. In addition, 
the samples are aged at the usual operating temperature (120 °C) for 720 h. The tests were 
carried out in ambient air. As described in the Introduction, the tests were carried out 
twice with a sample batch of at least four samples, so that at lowest eight samples were 
produced per support point. 

The electrical current test setup was established in a temperature-controlled measur-
ing room with a constant ambient temperature of 20 °C. Temperature data were recorded 
using a Keysight 34970A data acquisition device. During the experiments, the electrical 
current was kept constant, and the temperature was set at the contact point of the samples 
at the beginning of the experiment. The following Figure 2 shows the test setup. 
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Figure 2. Experimental setup used for the accelerated aging of Al-Cu joints using an electric cur-
rent. 

In this case, four samples are connected in a series, each with a temperature sensor 
in the contact zone. In addition, the ambient temperature and the temperature of the sup-
ply lines are recorded. Each test series (temperature and holding time) with 4 samples is 
repeated at least twice in order to obtain a sufficient sample quantity of at least 8 samples. 
If there was a fault with a sample, e.g., destruction after aging when measuring the elec-
trical resistance, an entire series of 4 samples was aged again, and all usable samples were 
measured. Thus, at least 8 samples per support point (e.g., 48 h 180 °C oven samples) were 
produced. The total sample quantity was 143 samples. 

Preliminary tests were carried out in advance to obtain an initial estimate of the cur-
rent to be set. It was found that a sample temperature of 120 °C is reached at a current of 
approximately 30 A–40 A. In preliminary tests, the sample temperature was kept constant, 
and the electrical current was minimally adjusted. The results are shown in the following 
Figure 3. 

 

Figure 3. Pretest of the current–temperature correlation. 

Considering the planned application of the contact, the alignment with the resulting 
phase current in the electric traction drive must be determined. When driving through the 
Worldwide Harmonized Light Vehicles Test Procedure (WLTP) with the planned wheel 
hub drive, an average current of 31.15 A can be determined using simulation, which cor-
responds to a temperature at the contact of approximately 115 °C according to the diagram 
shown. Abrupt increases in the electrical phase current during an acceleration phase of 
the vehicle or the wheel hub drive are expected, which results in a briefly increased sam-
ple temperature. 
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The oven tests are carried out in an electrically heated drying oven with electronic 
control. The temperature uniformity of the oven is ±5 °C [12]. To reduce heat conduction, 
the samples are placed on ceramic crucibles and a ceramic plate in the preheated oven. 
The test is carried out at room humidity and is not specially adjusted, so oxidation is ex-
pected. The following Figure 4 shows the samples of a series of tests in the oven. 

 

Figure 4. Samples in the furnace for accelerated aging. 

The aged samples are subjected to various tests before and after aging for qualifica-
tion purposes. The following analysis methods were used to determine the results: 

• Measurement of electrical resistance using the four-wire method based on DIN IEC 
60468. 

• Micrographs and microscope images are used to identify the intermetallic phases and 
their width. 

• Images of selected samples are used with scanning electron microscope (SEM) with 
energy dispersive X-ray spectroscopy (EDS) to identify the phase composition. 

To determine electrical resistance, the four-wire measurement setup is operated at a 
constant temperature of 20 °C in a measuring room. During the measurement, the sample 
heating is continuously recorded, and the current injection is turned off when the sample 
temperature reaches 23 °C. The measurements are repeated 5 times per sample, followed 
by a change in current direction and a further five measurements. The test current is set 
at 10 A, and the measuring distance for the voltage tap is set to 29 mm. There is 11 mm of 
base material within the measuring section, i.e., 11 mm copper and 11 mm aluminum. The 
measuring accuracy of the setup is ±0.05 μΩ. The following Figure 5 shows the four-wire 
measuring setup. 

Detailed metallographic analysis is needed for microstructural characterization to in-
vestigate the formation of intermetallic phases at the weld interface and to determine the 
thicknesses of the interdiffusion layer. Samples were cut near the welding zone and 
ground to avoid unnecessary forces to the welding zone. The diameter of each embedding 
form is 30 mm. The cross-sections of the welding zone were prepared using SiC grinding 
papers with a grit size from 500 to 2000 and performed manually under water cooling. 
The optical microscope images were taken with Incident Light Brightfield LEICA DMRX 
at 500× and 1000× magnification. Lastly, scanning electron microscopy (SEM) was applied 
together with energy-dispersive x-ray spectroscopy (EDS) to identify the interdiffusion 
layers developed at the Al-Cu interface. Point analysis was performed to detect the com-
position of intermetallic compounds. 
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Figure 5. Four-wire measurement setup. 

3. Results 
The first section compares the results of the samples that were thermally aged at 180 

°C in the oven and with an electric current. This should clarify the significance of the re-
sults in relation to the application. 

3.1. Comparison of Thermal Aging at Maximum Temperature 180 °C 

All samples showed an average increase in electrical resistance during thermal aging 
in the oven. The longer the exposure time, the higher the resistance values. The correlation 
between holding time and resistance increase is linear. An increase in electrical resistance 
can also be observed in samples aged with an electric current, which also showed to be 
dependent on the holding time. In both experiments, the increase in electrical resistance 
is moderate. M. Oberst et al. [3] described the ratio between the aged resistance value 𝑅௝௢௜௡௧ and the resistance value of the sample before aging 𝑅௠௔௧௘௥௜௔௟. The so called “perfor-
mance factor” 𝑘௨ results from the following: 𝑘௨ = 𝑅௝௢௜௡௧𝑅௠௔௧௘௥௜௔௟ (1) 

This has the advantage that the heterogeneous resistance values are easier to inter-
pret in relation to themselves when comparing the sample series, which can vary due to 
sample production and the short measurement distance. In the following Figure 6, the 
changes in the electrical resistance of the samples before and after thermal aging in the 
oven and with electric current are shown, as well as the respective performance factors. 
When looking at these, only a slight increase in the resistance ratio of up to 1.02 can be 
recognized. This is significantly lower, compared to the investigations of M. Oberst et al. 
[13], where assembled copper–aluminum samples were aged at 140 °C and exhibited a 
factor of 5 in the comparable degradation period, e.g., at 240 h. 

A. Elkjaer et al. [4] also did not show a significant increase in resistivity after aging at 
200 °C, 250 °C, and 350 °C. In these investigations, Cu/Al connections were produced us-
ing a modified friction stir welding variant, which was considered to have a specific elec-
trical resistivity of <10 μΩmm. Contacts produced in the present study have an average 
electrical resistivity of approximately 0.7 μΩmm after joining, which has increased to 0.75 
μΩmm due to thermal aging and is therefore negligible. 

Another way to describe the quality of a lap joint is to consider the volume fractions 
of the base materials and their electrical conductivity [2,4]. Calculation of the so-called 
quality factor k makes this possible [14]. The reference conductivity 𝜅௥௘௙  must be 
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calculated taking into account the respective volume fractions and the reference conduc-
tivity of the base materials. 𝜅஺௟  is the electrical conductivity of the aluminum material 
used, 𝑉஺௟ is the volume fraction of the aluminum that is included in the measurement, 𝜅஼௨ 
is the electrical conductivity from copper, and 𝑉஼௨ is the copper volume fraction. 𝜅௥௘௙ = 𝜅஺௟ 𝑉஺௟𝑉஺௟ ൅ 𝑉஼௨ ൅ 𝜅஼௨ 𝑉஼௨𝑉஺௟ ൅ 𝑉஼௨    (2) 

 

Figure 6. Change in the electrical resistance of the Cu/Al contact at 180 °C. 

The reference resistance 𝑅௥௘௙  is then calculated with 𝑙 as the measuring section or 
conductor length, and 𝐴 is the cross-sectional area of the contacting zone and the reference 
conductivity is 𝜅௥௘௙: 𝑅௥௘௙ = 1𝜅௥௘௙ ൉ 𝑙𝐴 (3) 

If this is now related to the measured resistance value 𝑅௖௢௡௧௔௖௧, the quality factor is 
calculated as follows. 𝑘 = 𝑅௖௢௡௧௔௖௧𝑅௥௘௙  (4) 

According to R. Bergmann [14], the quality factor can be 0.5 in the best case and up 
to a quality factor of 1 the joints can be rated as technically good. In the present study, 
quality factors from 0.52 to 0.65 were generated before aging. Due to thermal aging, the 
quality factors only increased by a value from 0.01 to 0.02. The maximum lies in the 180–
240 h samples, which were aged in the oven and have a quality factor of 0.66. This series 
of samples already showed poorer values after joining with an average value of the qual-
ity factor of 0.64. In summary, the quality factors also show that the joint and the resulting 
thermal aging do not represent any significant degradation. 

When examining the samples under the microscope, the samples that were aged with 
an electric current already show clear intermetallic phases, whereas the samples that were 
aged at 180 °C in the oven show no obvious IMC. Sample#7 (aged with electric current at 
180 °C for 120 h) and sample#21 (aged in the oven at 180 °C for 120 h) are examples of this. 

Figure 7 clearly shows a transition phase between the base materials of sample #7. 
This phase is not continuous at the transition of the base materials, and the width also 
varies. Compared to sample #21 in Figure 8, which was thermally aged for 120 h at 180 °C 
in the oven, this sample does not show a clear intermetallic phase. According to H.-J. 
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Bargel and G. Schulze [15], diffusion is activated not only purely thermally, but also by 
the electric/magnetic fields. In the present case, the comparison of thermal aging at 180 °C 
showed that a difference between the two aging tests (oven vs. electric current) was al-
ready evident after 48 h. This confirms results from a study by M. Braunović [16]. 

 

Figure 7. Microscope image of the sample#7 annealed with 180 °C with electric current for 120 h. 

 

Figure 8. Microscope image of sample #21 annealed in the furnace with 180 °C for 120 h. 

When looking at the SEM images in (dark area = pure aluminum from Table 1 and 
light area = pure copper from Table 2) with the EDS spectrum analysis of sample #7 in 
Figure 9, various intermetallic phases have already formed. It shows the intermetallic 
compounds of AlCu η2 and α-Al + θ. Guo et al. [17] investigated intermetallic phase for-
mation in diffusion bonded Cu/Al laminates within the temperature range of 400–500 °C 
for 10–30 min. They identified three intermetallic phases: Al4Cu9 γ2, AlCu η2, and Al2Cu 
θ. They concluded that this was due to the higher growth rate of these phases than that of 
Al2Cu3 δ and Al3Cu4 ζ2. In fact, the presence of IMCs is affected by several variables such 
as the manufacturing condition, the annealing temperature, and time. 

In the spectral analysis, several areas were examined in advance, and representative 
areas were recorded. Analyzing several points produces a more accurate result, as it was 
shown in [18]. Here, the phase equilibria and composition are analyzed for a minimum of 
three different spots to then average the results. The authors employed the techniques of 
EDS and XRD (X-ray powder diffraction analyses) for phase identification. Looking at 
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sample#21 in Figure 8, the statements about the microscope image are confirmed by the 
SEM images. The SEM microstructure in Figure 10 shows only a small amount of copper, 
which is due to the large measuring range. No clear intermetallic phase could be detected 
during the SEM analysis. Instead, the example shows a kind of mixing, which can also be 
attributed to the ultrasonic welding process. Furthermore, surface irregularities, such as 
brittle oxides and impurities, may exert an influence on this phenomenon. These irregu-
larities may potentially create a secondary interface because of local detachment. Similar 
findings have also been observed by several authors [19–21]. Generally, swirl-type inter-
locking is accompanied by welding defects such as voids or cracks, and the number and 
size of voids can be increased by increasing the welding energy [19]. The measuring range 
of the spectrum analysis is so large that the copper components are not fully recorded, 
and the aluminum components are also measured, which looks like a mixture based on 
the values. 

 

Figure 9. EDX/spectrum analysis from sample #7 of particular points selected within the interfacial 
zone and the compositional range of Al and Cu in at.%. 

 

Figure 10. EDX/spectrum analysis of sample #21 of a specific point in the interface zone. 

  

Al 

Cu 

Al 

Cu 
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3.2. Test Results at Typical Operating Temperatures 

In principle, an ambient temperature of 180 °C is not expected in the planned appli-
cation of the contact in a traction drive, as simulated in the oven tests. Only the winding 
or the coil heads of the drive can generate an increased temperature at the nearby contacts, 
but this should be lower due to the heat transfer mechanisms than the heating caused by 
the electric current flowing in the contact area or the resulting power loss at the contact. 
In further investigations of the maximum (150 °C) and the usual operating temperature 
(120 °C), the samples are heated with an electric current. The reference points are again 
set to 48 h, 120 h, and 240 h to compare the results with previous tests. Figure 11 shows 
the performance factors 𝑘௨ of both test series. In comparison, only a slight increase of 0.01 
can be observed. Comparison between the two temperature levels (120 °C and 150 °C) 
shows a uniform increase at the load duration of 120 and 240 h. However, the increased 
temperature load of 180 °C (Figure 6) does not show a clear continuation of this trend. 
Oberst et al. [3,13] showed, in their investigations of assembled joints, that the perfor-
mance factor no longer increases as much with longer load duration, i.e., the increase in 
resistivity due to thermal aging is no longer as strong. The same can be observed in the 
present study for aging with electric current. Likewise, the electrical resistances of the test 
series increase negligibly low with approximations ranging from 0.1 μΩ to 0.7 μΩ. The 
resistance values increased slightly more at higher temperatures and longer holding 
times. It should be noted at this point that some samples within the sample series showed 
a reduction in resistance value at lower temperatures (120 °C and 150 °C) and holding 
times of up to 120 h. This was particularly evident in the 150 °C/48 h sample series, where 
the performance factor was very low as a result. This may be due to the softening of the a 
spots, which takes place during heating [22], and the temperature-dependent constriction 
resistance [23], which can be reduced after cooling. 

In further investigations, a series of samples was subjected to the usual operating 
temperature of 120 °C for 720 h to be able to estimate the durability of the contact. For the 
long-term samples, an increase in electrical resistance and performance factors can be ob-
served from Figure 11. The series of samples aged for 720 h shows higher performance 
factors than the samples aged for up to 240 h. A comparison of the performance factors 
shows a continuous increase up to 240 h of holding time. However, the performance factor 
for the sample series up to 720 h holding time is still very low, with a value of 1.008. The 
average increase in resistance was only approx. 0.7 μΩ. The comparison between 120 
°C/720 h and the 150 °C/240 h sample series shows a similar performance factor, whereby 
reduced temperature leads to a lower increase in resistance. 

 

Figure 11. Change in the electrical resistance of the Cu/Al contacting at 120 °C and 150 °C. 
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Figure 7 shows the aging of sample#7 at 180 °C for 120 h with an electric current, and, 
as described, the first intermetallic phases can already be seen here. Compared to sample 
#37 in Figure 12, which was exposed to 150 °C for the same holding time of 120 h, no clear 
intermetallic phases can be detected. Only a slight nucleation is present. 

 

Figure 12. Microscope image of sample#37 annealed with 150 °C with electric current for 120 h. 

Based on the relationship that the electrical resistance increases with the increase in 
IMC, the microscope image of sample #37 in Figure 12 confirms the expected result of the 
electrical measurements. The increase in resistance of the sample series 150 °C/120 h only 
shows an average increase of approx. 0.5 μΩ, which means a performance factor of 1.008. 
In Figure 13, sample #B35 is given as an example for 120 °C/720 h sample series. Here, the 
formation of a light intermetallic phase can be recognized. This can already be detected as 
a full surface intermediate phase. This may explain the greater increase in the performance 
factor compared to the 120 °C/240 h sample series. 

 

Figure 13. Microscope image of the sample#B35 annealed with 120 °C with electric current for 720 
h. 

3.3. Formation and Growth of the Intermetallic Phases Under Typical Operating Conditions 

Overall, this study confirms that thermal aging increases electrical resistance and that 
stronger intermetallic phases form for higher temperatures and longer holding. To be able 
to make a statement on the functionality of the contact in the electric drive, a description 
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of the growth of the phases is to be carried out. The thickness of the intermetallic phases 
should be used for this purpose. As described, IMC can be detected in the 180 °C samples 
after a short holding time. However, at a lower load temperature, e.g., 120 °C, they did 
not occur after the shorter load time. A lower temperature and longer holding time (e.g., 
120 °C/720 h) led to the formation of IMC. A. Elkjaer et al. [4] also found, in his investiga-
tions, that the growth rate is higher at higher load temperatures. The parabolic growth 
law should be used to calculate the growth rates based on the thickness of the IMC. The 
thickness of the interdiffusion layer was measured using SEM. 𝑑ூெ௉ = ඥ𝑘ூெ௉ሺ𝑇ሻ ൉ 𝑡 (5) 𝑑ூெ௉ (μm) is the thickness of the intermetallic phase, t(h) is the holding time, and 𝑘ூெ௉ 
(μm/h) is the growth rate. In Figure 14, the IMC thickness can be read from the holding 
time for the respective load temperatures. As already described, the lower load tempera-
tures (120 °C and 150 °C) show low thicknesses of the intermetallic phases. On the con-
trary, the samples exposed to the maximum tolerable temperature (180 °C) already show 
a clear, continuous IMC layer with an average thickness of 0.5 μm after 48 h, which in-
creases to 1.7 μm after 240 h as the exposure time continues. The 120 °C samples show an 
IMC thickness of 0.95 μm after a holding time of 720 h. 

 

Figure 14. IMC growth rate and IMC thickness. 

The growth rate calculated using the parabolic growth law decreases with increasing 
holding time at higher temperatures (180 °C and 150 °C). This can be explained by the 
decreasing concentration gradient over time, as the atoms strive for thermodynamic equi-
librium and distribute themselves more evenly over time. The formed IMC hinders this 
process [5]. In [4], the mean growth rate for 150 °C was reported as 2.09 ×  10ି଼ µmଶ/s for 
3000 h holding times. Compared to the mean growth rate of 4.59 ×  10ି଻ µmଶ/s, in this 
study, a higher growth rate was observed. This may be due to the shorter duration of the 
test because, as already described, the growth rate decreases with a longer load duration, 
which results in a lower mean growth rate. Figure 15 shows the Arrhenius plot of the 
investigations. 

The slope can be used to calculate the activation energy of the IMC, which is 155 
kJ/mol (1.61 eV) in the present study. With m as slop, Q as the activation energy, and R as 
the universal gas constant R = 8.314 J/(mol൉ Kሻ, 𝑚 = െ ொோ  -> 𝑄 = െሺ𝑚 ൉ Rሻ (6) 

In comparison with similar investigations (similar loading temperature or similar 
contacting variant) e.g., [4] 151.6 kJ/mol, [5] 76.1 kJ/mol, or [7] 108.8 kJ/mol, the activation 



World Electr. Veh. J. 2025, 16, 68 14 of 17 
 

energy can be considered high, and therefore a lower IMC growth rate can be expected in 
comparison. The growth rates obtained for the respective temperature support point can 
also be used to calculate the service life. 𝑑ூெ௉ = ඥ𝑘ூெ௉ሺ𝑇ሻ ൉ 𝑡 → 𝑡 = 𝑑ூெ௉2𝑘ூெ௉  (7) 

 

Figure 15. Arrhenius plot of intermetallic growth rate. 

If a maximum IMC thickness is specified, the time can be calculated by using (7). In 
the present study, the increase in electrical resistance cannot be described as borderline. 
As an example, the 180 °C samples, which were thermally aged for 240 h, showed an in-
crease in resistance of 0.53 μΩ at a phase thickness of 1.7 μm, which means an increase of 
3.53% of the electrical resistibility in relation to the contact area. The resulting electrical 
resistance is therefore negligibly small. To nevertheless estimate the service life of the elec-
trical contacting, this can be calculated by setting different limiting thicknesses of the IMC. 
IMC thicknesses from >2 μm to 10 μm in 2 μm steps are suggested as an example for 
predicting service life. With these values and the values of the IMC growth rates from 
Figure 15, the lifetime predictions can be calculated as a function of the thermal load. The 
values are summarized in the following Table 3: 

Table 3. Service lifetime prediction as a function of the thermal load. 

Temperature of the 
Thermal Load 

IMC Growth Rate 

Limit Value of the IMC Thickness 

10 µm 8 µm 6 µm 4 µm 2 µm 

120 °C 1.15 ×  10ି଻ µmଶ/s 
 

242,526 h 155,216 h 87,309 h 38,804 h 9701 h 

150 °C 4.59 ×  10ି଻ µmଶ/s 
 

60,504 h 38,722 h 21,781 h 9680 h 2420 h 

180 °C 2.71 ×  10ି଺ µmଶ/s 10,256 h 6564 h 3692 h 1641 h 410 h 

As described, the limit value for the IMC thickness in this application is >2 μm, and 
a usual application temperature of the wheel hub drive or the wiring of 120 °C shows a 
service life of 9.701 h until the critical value is reached. If the drive is brought to the 
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maximum operating temperature several times during its service life, the service life is 
reduced by 75%. A combination of temperatures and aging is realistic, as an electric trac-
tion drive is not operated immediately and permanently at the respective temperature. 

4. Discussion 
Regarding the joining technology, the investigations described have shown that an 

ultrasonic welded joint is suitable as a joining technology for contact, as no IMC could be 
detected after joining, and the quality factors can be rated as good. However, the applica-
tion showed that IMCs are formed under operating conditions and during prolonged 
loading at the usual application temperature of 120 °C. The resulting increase in resistance 
can be regarded as negligible in the investigation period. The same applies for the perfor-
mance factor with an increase of 0.02. The further possibility of calculating the quality 
factor (see (4)) also shows that the maximum electrical resistance does not lead to a critical 
evaluation. Solchenbach et al. [24] come to the conclusion in their investigation that a sig-
nificant deterioration in electrical resistance occurs due to an IMC thickness of 3–5 μm. 
This IMC thickness was not reached in the present investigation, but longer investigation 
times are useful for a lifetime analysis. The identified growth rates of the IMC and the 
thicknesses of the IMC, as well as the increase in electrical resistance, do not show any 
critical values, taking the application into account. From an electrical point of view, it can 
be concluded from the investigations to date that contact of the cast aluminum coil with a 
copper conductor formed by ultrasonic welding can withstand the loads in a wheel hub 
drive. The maximum IMC thickness depends on the surrounding system. The formation 
of the intermetallic phases makes the contact area more brittle, which can lead to breakage 
under mechanical stress, e.g., due to vibration. However, this can be prevented by an in-
terconnection carrier because it supports the contacts. As shown in Section 3.2, the electri-
cal resistance increases due to the formation of the intermetallic phases. This in turn leads 
to an increase in the temperature at the contact area, which results in damage to the insu-
lation, among other things. M. Abbasi et al. [25] came to the conclusion in his investiga-
tions that an IMC thickness of >2.5 μm leads to a mechanically critical size for cold-rolled 
Al/Cu connections. With defined limit values of the electrical resistance and with known 
mechanical loads, the time until these limit values are reached can be calculated using the 
critical phase thickness with the values identified in this study. With defined limit values 
of the electrical resistance and with known mechanical loads, the time until these limit 
values are reached can be calculated using the critical phase thickness with the values 
identified in this study. If the limit values of Solchenbach et al. 3 μm [24] for the electrical 
resistance and M. Abbasi et al. 2.5 μm [25] for the mechanical load are used, using (7), the 
worst case can be calculated with the maximum operating temperature of 150 °C and with 
the growth rate 𝑘ூெ௉ = 4.59 ×  10ି଻ µmଶ/s: 𝑡 = 𝑑ூெ௉2𝑘ூெ௉  (8) 

Limit of Electrical resistance, with 𝑑ூெ௉ = 3 μm -> 𝑡ோ ೘ೌೣ.   = 5446.6 h. 
Limit of mechanical load, with 𝑑ூெ௉ = 2.5 μm -> 𝑡ிೄ ೘ೌೣ. = 3782.4 h. 
In this worst-case scenario, the use of the electric drive as a tire-sprung wheel may be 

critical. But in the present investigation, the relationship between the increase in electrical 
resistance and the resulting IMC thickness is not so serious. Using the growth rate 𝑘ூெ௉ = 1.15 ×  10ି଻µmଶ/s from the normal operating temperature of 120 °C, we obtain 
the following: 

Limit of Electrical resistance, with 𝑑ூெ௉ = 3 μm -> 𝑡ோ ೘ೌೣ.   = 21,827.4 h. 
Limit of mechanical load, with 𝑑ூெ௉ = 2.5 μm -> 𝑡ிೄ ೘ೌೣ. = 15,157.9 h. 
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According to the current investigation, the correlation between the IMC thickness 
and the electrical resistance means that no critical value can be identified for use in a wheel 
hub drive. However, the thicknesses of the intermetallic phases of these described limits 
are so close to each other that they depend strongly on the analysis method and have a 
very large effect on the prediction results. It could be shown that the electrical perfor-
mance of the contacting in an electric traction drive is suitable as a wheel hub drive. Thus, 
the deterioration in the mechanical properties due to the thermal degradation of such a 
connection needs to be investigated. Further studies should investigate the relationships 
between the thermal load, IMC thickness, and their effects on the mechanical resistance 
of the connections. These are very strongly dependent on the surrounding system of the 
mechanical connection of the interconnection, e.g., the use of an interconnection ring car-
rier, so this should already be known. 

5. Conclusions 
Investigations of the accelerated thermal aging of electrical contacts in traction drives 

should be carried out using an electric current, as IMC growth occurs more quickly com-
pared to exposure in an oven. Ultrasonically welded connections between Cu/Al did not 
show IMC after joining, but this occurs from 120 h onward under continuous load at typ-
ical operating temperatures of 120 °C. A critical increase in electrical resistance due to 
thermal degradation with the application temperatures of 120 °C, 150 °C, and 180 °C is 
not recognizable after 240 h. 

The growth rates decreased after 120 h in the tests with increased temperature (150 
°C and 180 °C). At 155 kJ/mol, the activation energy of the IMC can be considered high 
compared to similar studies. 
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