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Abstract: Electrical signal transmission in power electronic devices takes place through high-purity 
aluminum bonding wires. Cyclic mechanical and thermal stresses during operation lead to fatigue 
loads, resulting in premature failure of the wires, which cannot be reliably predicted. The following 
work presents two fatigue lifetime models calibrated and validated based on experimental fatigue 
results of an aluminum bonding wire and subsequently transferred and applied to other wire types. 
The lifetime modeling of Wöhler curves for different load ratios shows good but limited applicability 
for the linear model. The model can only be applied above 10,000 cycles and within the investigated 
load range of R = 0.1 to R = 0.7. The nonlinear model shows very good agreement between model pre-
diction and experimental results over the entire investigated cycle range. Furthermore, the predicted 
Smith diagram is not only consistent in the investigated load range but also in the extrapolated load 
range from R = −1.0 to R = 0.8. A transfer of both model approaches to other wire types by using 
their tensile strengths can be implemented as well, although the nonlinear model is more suitable 
since it covers the entire load and cycle range. 
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1. Introduction 

For the transmission of electrical signals and for the electrical connection in power elec-
tronic devices, high-purity aluminum bonding wires with diameters between 
125 µm and 500 µm are often used [1]. The wires are processed into bridges by ultra-
sonic wedge-wedge wire bonding [2–4]. The combination of corrosive media and different 
cyclic mechanical and thermal stresses during operation can lead to fatigue loads on the 
wire bridges because of the different thermal expansion coeffcients of different substrate 
materials [5–8]. This can result in heel cracks or bond wire lift-offs, which can lead to a 
complete failure of the component [1,9–11]. Currently, it is not possible to reliably predict 
the time to failure or cycles to failure of the wires. 

Previous publications that focus on the reliability or lifetime prediction of aluminum 
bonding wires mainly deal with wire bridges and not with the wire material itself. The 
infuence of the organic or inorganic encapsulation on the reliability of the wire bridges, 
for example, is evaluated in [12,13], while [14–16] perform accelerated mechanical fatigue 
tests to investigate the infuence of thermo-mechanical shear stress on wire lift-offs. The 
changes in the microstructure near the bonding interface and crack propagation due to 
power cycling are investigated by [17–20]. 

There are also approaches to characterizing the cyclic mechanical behavior of wire 
bridges using self-constructed experimental setups, where cyclic loading is applied to the 
wire bridges by vibration or relative movement of the bond bases. The investigations 
showed a strong infuence of the geometry of the wire bridges on the lifetime of the 
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components [6–8,21–23]. Furthermore, there are approaches to determining the lifetime 
models of the wire bridges via degeneration due to electromigration by extrapolating the 
results of accelerated stress tests for high temperatures [24]. 

There are only a few studies regarding the fatigue behavior of the wire material itself, 
e.g., a modifed ultrasonic resonance testing system for aluminum bonding wires [25]. 
In [26] the micromechanical fatigue behavior with a load ratio of R = −1 of an aluminum 
wire, a copper wire, as well as a copper core aluminum wire, are compared applied to 
predict the lifetime of bonded wire bridges. 

Consequently, the reliability of bonded wire connections is infuenced by process and 
material aspects, which have rarely been considered separately. For this reason, the aim of 
this paper is to predict the fatigue and lifetime behavior of the wires, independent of the 
bridge geometry, by developing a validated, effcient fatigue lifetime model. 

A previous publication of the authors, [27], deals with the infuence of the R-ratio 
on the fatigue of two different high-purity aluminum bonding wires with a diameter of 
300 µm. The results of the fatigue investigations showed nearly linear Wöhler curves and 
consistent Smith diagrams with a nearly linear behavior for R-ratios between 0.1 and 0.7. 
By scaling to the tensile strength σTS, the Wöhler and Smith diagrams of the two different 
investigated wire materials coincide. The authors concluded that the fatigue limit of the 
wires is signifcantly infuenced by the material strength and, consequently, the batch-to-
batch scatter of the strength should be considered in lifetime prediction models. The frst 
results indicated that it should be possible to develop a more generalized fatigue model for 
different wire materials and a fatigue model for batch-to-batch scatter of one wire material 
type, respectively [27]. 

Based on these results and fndings, this paper focuses on different modeling ap-
proaches for the representation of the lifetime of the wire itself. The general approach for 
building the model is based on an effcient approach for modeling the lifetime of a nickel 
based super alloy [28]. 

The current work presents extended fatigue results of a high-purity aluminum bonding 
wire with a diameter of 300 µm for R-ratios between 0.1 and 0.7 in a double logarithmic 
plot. Based on these results, a linear fatigue lifetime model and a nonlinear fatigue lifetime 
model are calibrated. The applicability of the models is investigated in terms of the Smith 
diagrams. Since the former results suggested a scalability of the fatigue behavior to the 
tensile strength, an appropriate scaling term is also included in the lifetime model. The 
scaled lifetime models are tested by applying them on aluminum wires of other material 
types and diameter for R-ratios of 0.1, 0.4 and 0.7. 

2. Materials and Methods 

In the following section, the investigated bonding wire materials and experimental 
methods are presented. 

2.1. Aluminum Bonding Wires 

Two commercially available high-purity aluminum bonding wires with diameters of 
300 µm and 500 µm each are investigated. The studied bonding wires are AluBond Pure 
and AluBond Prime from the project partner Heraeus Electronics/Heraeus Deutschland 
GmbH Co. KG (Hanau, Germany). The wires differ in the amounts of doping elements. 
In the following, the wires are called Al-Pure and Al-Prime, respectively. These very soft 
wires were carefully unwound from the coils and cut into length of approximately 40 mm 
for the mechanical investigations. The wire pieces must be gently handled only at the cut 
ends to avoid material damage in the tested volume, see also [27]. 

2.2. Tensile Testing 

The tensile test results of the two wire types, Al-Pure and Al-Prime, with a diameter 
of 300 µm were taken from previously published data [27] and supplemented with the 
results of the two other wire types, Al-Pure and Al-Prime, with a diameter of 500 µm. 
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For tensile testing, 40 mm long wire samples were directly fxed by the clamping jaws of 
the electrodynamic testing machine LTM 1 HR from Zwick Roell (Ulm, Germany). The 
measurements were carried out with a 100 N load cell, a test length of 20 mm, and a testing 
speed of 5 mm/min. Tenfold determinations for both wire types are performed. Only 
samples that did not fail near the clamping jaws within a range of 2 mm are considered. 
For more information about testing procedures and result evaluation, see [27]. 

2.3. Fatigue Testing 

The fatigue tests presented here are based on previously published data [27], which 
have been further supplemented for this publication. For the fatigue testing, 40 mm 
long wire samples were directly fxed by the clamping jaws of the electrodynamic testing 
machine LTM 1 HR from Zwick Roell (Ulm, Germany). The fatigue tests were carried out 
with a 100 N load cell, a clamping length of 20 mm and a sinusoidal load with a frequency 
of 40 Hz in a switched-off furnace of the machine. The tests were performed with different 
R-ratios between R = 0.1 and R = 0.7. The stress amplitudes σa were varied in steps of 
0.25 MPa or 0.50 MPa. The wires were tested up to a maximum number of cycles between 
1,000,000 and 10,000,000 cycles. 

Each fatigue experiment was evaluated using a PythonTM routine to ensure that the 
maximum and minimum stresses of each cycle did not overshoot within a range of ±3% 
of the load amplitude in accordance with DIN 50100:2022-12 [29]. For more information, 
see [27]. 

2.4. Mathematical Description of Wöhler Lines 

Based on the fatigue results of the Al-Pure wire with a diameter of 300 µm, different 
approaches for a fatigue lifetime prediction model were developed and calibrated. The 
models are tested and validated by fatigue data from the other wires by scaling the models 
to the tensile strengths of the respective wire. 

For the mathematical description of the Wöhler lines, the basic formulas from the 
literature relevant for the presented lifetime models are shown in the following: The 
classical Wöhler range is a linear, fnite life fatigue range, which can be well represented 
by a straight line in a semi-logarithmic plot. An approach for a straight-line equation was 
made by A. Wöhler in 1870; see Equation (1) [30]. 

log(N) = a − b ∗ σ (1) 

The logarithm of the number of cycles to failure N can be calculated from the function 
of the stress σ, in conjunction with the parameters a and b, that represent the ordinate 
section and the slope of the straight line. The two parameters can be determined by 
curve ftting. 

Before and after the fnite life fatigue range (or high-cycle fatigue; HCF), the Wöhler 
line transitions by some kind of sigmoid curve into the low-cycle fatigue (LCF) region and 
the fatigue limit region. In the low-cycle fatigue range, the Wöhler curve is limited by the 
tensile strength σTS of the material. In the fatigue limit range, the Wöhler curve transitions 
to the fatigue strength limit σD. A possible equation to represent the complete curve in a 
double logarithmic plot was proposed by F. Stüssi in 1955, see Equation (2) [30]. � �

σ − σDlog (N) = a − b ∗ log (2)
σTS − σ 

From the logarithmic function of the stress σ, in combination with the fatigue strength 
limit σD, the tensile strength σTS and the parameters a and b, the logarithm of the number 
of cycles to failure N can be calculated. The parameters a, b and σD must be determined so 
that the model function represents the experimental results as accurately as possible. 

In the literature, there are further equations for the mathematical description of the 
Wöhler lines, e.g., by Basquin or Weibull [30], but these will not be responded to here. All 
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data ftting performed for this publication were realized by the minimize function of the 
SciPy package for PythonTM. 

2.5. Quantitative Comparison of Experimental Data with Model Data 

For comparing the developed model with the experimental results, the relative devia-
tions of the logarithm of the cycles to failure between all experimental data points and the 
corresponding model data are calculated; see Equation (3). � � 

log NExp − log(NModel) rN= � � (3)
log NExp 

The mean and the maximum relative deviations are used to evaluate the quality of 
the model. 

3. Results 

The following section presents the results of the investigation of the tensile tests, the 
fatigue tests, the fatigue lifetime prediction model and the extrapolation of the models by 
Smith diagrams. 

3.1. Tensile Testing 

Tensile tests were performed as a tenfold determination (grey) for each wire type and 
diameter. The results of the nominal stress–strain curves of both Al-Pure (dark blue and 
blue) and both Al-Prime (dark red and red) are shown in Figure 1. The results for all four 
wires show very good reproducibility. The stress–strain curves illustrate that both Al-Prime 
wires achieve higher initial yield stresses σy0.2 and tensile strengths σTS than Al-Pure wires 
of the same diameter and that the strength increases with increasing wire diameter. 

Metals 2023, 13, x FOR PEER REVIEW 4 of 19 
 

 

the number of cycles to failure 𝑁 can be calculated. The parameters 𝑎, 𝑏 and 𝜎  must 
be determined so that the model function represents the experimental results as accurately 
as possible.  

In the literature, there are further equations for the mathematical description of the 
Wöhler lines, e.g., by Basquin or Weibull [30], but these will not be responded to here. All 
data fitting performed for this publication were realized by the minimize function of the 
SciPy package for PythonTM. 

2.5. Quantitative Comparison of Experimental Data with Model Data 
For comparing the developed model with the experimental results, the relative devi-

ations of the logarithm of the cycles to failure between all experimental data points and 
the corresponding model data are calculated; see Equation (3).  𝑟 = log 𝑁 − log (𝑁 )log 𝑁  (3) 

The mean and the maximum relative deviations are used to evaluate the quality of 
the model.  

3. Results 
The following section presents the results of the investigation of the tensile tests, the 

fatigue tests, the fatigue lifetime prediction model and the extrapolation of the models by 
Smith diagrams. 

3.1. Tensile Testing 
Tensile tests were performed as a tenfold determination (grey) for each wire type and 

diameter. The results of the nominal stress–strain curves of both Al-Pure (dark blue and 
blue) and both Al-Prime (dark red and red) are shown in Figure 1. The results for all four 
wires show very good reproducibility. The stress–strain curves illustrate that both Al-
Prime wires achieve higher initial yield stresses 𝜎 .  and tensile strengths 𝜎  than Al-
Pure wires of the same diameter and that the strength increases with increasing wire di-
ameter.  

 
Figure 1. Comparison of the average nominal stress–strain curves measured by tensile tests of Al-
Pure (dark blue and blue) and Al-Prime (dark red and red) wires with diameters of 300 µm and 
500 µm each. 

Figure 1. Comparison of the average nominal stress–strain curves measured by tensile tests of 
Al-Pure (dark blue and blue) and Al-Prime (dark red and red) wires with diameters of 300 µm and 
500 µm each. 

The initial yield stresses of the individual wires are between 31 MPa and 32 MPa. 
The exception is the 300 µm Al-Pure wire with a lower initial yield stress of 24 MPa. This 
wire also has the lowest tensile strengths of 46 MPa, while the 500 µm diameter Al-Prime 
wire achieves the highest strength of 54 MPa. The tensile strengths of the thicker Al-Pure 
wire and the thinner Al-Prime wire are in between. The initial yield stresses and tensile 
strengths with standard deviations of all four wire types are summarized in Table 1. 
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Table 1. Overview of the initial yield stress and the tensile strength of the four tested Al wires. 

σy0.2 [MPa] σTS [MPa] 

Al-Pure 300 µm 
Al-Pure 500 µm 

Al-Prime 300 µm 
Al-Prime 500 µm 

23.9 ± 0.7 
32.1 ± 0.5 
30.8 ± 0.7 
31.3 ± 0.3 

45.8 ± 0.2 
47.9 ± 0.5 
49.2 ± 0.5 
54.0 ± 0.1 

3.2. Fatigue Testing for Lifetime Modeling 

The fatigue results of the Al-Pure wire with a diameter of 300 µm for the R-ratios 
from 0.1 to 0.7, which were presented in [27], were the starting point for the development 
of the fatigue lifetime model. But the results presented earlier needed to be extended 
and completed. 

Compared to [27], stress amplitudes in the upper cycle range between 1000 and 
10,000 cycles and further fatigue tests in the middle cycle range between 10,000 and 
1,000,000 cycles were added to the measurement results. The complete fatigue results for 
Al-Pure with a diameter of 300 µm are shown in the following Wöhler diagram, Figure 2. 
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Figure 2. Experimental fatigue results of Al-Pure with a diameter of 300 µm. 

Due to the supplemented fatigue results and the smaller selected stress increments 
from Δσ = 0.50 to 0.25 MPa, the linear correlation in the double logarithmic plot of the 
individual Wöhler lines in the range of approximately 10,000 to 1,000,000 cycles is more 
noticeable for all investigated R-ratios. It becomes clear that the slope of the Wöhler lines 
fattens out for cycles below 10,000 and that this behavior becomes more pronounced with 
increasing R-ratio. It can be observed that the stress amplitudes σa decrease with increasing 
R-ratio and that the slope of the individual Wöhler lines increases at the same time. Two 
wire samples tested with R-ratios of 0.3 and 0.4 have withstood more than 10,000,000 cycles 
without failure and are therefore shown as unflled markers. 

3.3. Fatigue Lifetime Prediction Model 

In the following sections, two possible approaches for lifetime modeling based on 
the fatigue results of the Al-Pure wire with a diameter of 300 µm are frst calibrated and 
presented. Then, the modeling approaches are applied to the fatigue results of the other 
wire types. For this purpose, a scaling term is added to the models to include the tensile 
strength of the respective wire. The suitability of both models is subsequently evaluated. 
The modeling approaches are based on two equations from the literature, which have been 
adapted accordingly. 
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3.3.1. Fit of the Experimental Fatigue Data 

Due to the nearly linear relationship in the double logarithmic plot of the fatigue 
results in the range of 10,000 to 1,000,000 cycles, a linear approach is chosen for the initial 
modeling. Since the slope decreases for measurements below 10,000 cycles, these data are 
not considered by the authors when examining the linear approach. The Wöhler lines are 
ftted individually based on the Wöhler equation from the literature, see Equation (4). 

log(σa) = aL + bL ∗ log(N) (4) 

In contrast to the formula from the literature, the linear equation represents the 
dependence of the stress amplitude σa on the number of cycles until breakage N in a double 
logarithmic plot. The linear ft function contains the two ft parameters aL and bL, which 
represent the ordinate section and the slope. The reduced fatigue data of the Wöhler curves, 
including the linear regressions, are shown in Figure 3. It is shown that the reduced data is 
well represented by the linear Wöhler lines. 
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As a further possibility, a nonlinear approach is investigated. In this approach, all 
existing fatigue measurement results are used. To represent the transition to the low-cycle 
fatigue (LCF) range, the tensile strength σTS is additionally considered in the model. For 
this, a transformation of the tensile strength to a corresponding stress amplitude σaTS for 
different stress ratios is necessary, see Equation (5). 

1 − R
σaTS = σTS ∗ (5)

2 

For the nonlinear approach, the description based on Stüssi is used, this gives a 
sigmoid curve with transitions to the fatigue limit and the LCF range, see Equation (6) [30]. � �

σa − cNLlog(N) = aNL − bNL ∗ log (6)
σaTS − σa 

The nonlinear equation represents the dependence of the number of cycles to failure 
N on the stress amplitude σa and the tensile strength converted to the stress amplitude 
σaTS in double logarithmic representation. The nonlinear ft function contains three ft 
parameters aNL, bNL and cNL, where cNL indicates the fatigue strength limit. The Wöhler 
lines ftted by the nonlinear approach according to Stüssi are shown in Figure 4a. The 
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nonlinear ft function represents the collected fatigue data well for all R-ratios without large 
deviations. The transitions to the fatigue limits and the low-cycle fatigue ranges are also 
well represented. Except for the fatigue limit for R = 0.3, where the ft function shows a 
linearly decreasing trend. Figure 4b shows an enlarged section of the ft curves in the range 
from 1 to 1000 cycles for each Wöhler line. The stress amplitude calculated from the tensile 
strength σaTS is plotted for N = 1 in the diagram. σaTS is consistent with the experimental 
short-term fatigue results of each R-ratio. 
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3.3.2. Linear Lifetime Model 

Based on the linearly ftted Wöhler lines, the lifetime modeling for the linear approach 
is performed next. For this purpose, the ft parameters aL and bL are determined for all 
Wöhler lines, plotted as a function of the R-ratios, and then ftted with model functions. 
For the ft of the model parameters, a quadratic function was chosen for aL,Model, see 
Equation (7), and a linear function was chosen for bL,Model, see Equation (8). 

aL,Model = AL1 ∗ R2 + AL2 ∗ R + AL3 (7) 

bL,Model = BL1 ∗ R + BL2 (8) 

AL1, AL2, AL3 and BL1, BL2 are the corresponding parameters for ftting aL,Model and 
bL,Model. The results of the ftted model parameters as a function of the R-ratio are shown 
in Figure 5a,b. 
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linear fatigue lifetime model. 

As can be seen from Figure 5a, which shows the ftting of the respective ordinate 
sections aL,Model, these can be plotted well with the quadratic function. The individual 
model parameters aL,Model hardly deviate from the curve, which can also be illustrated by 
the high coeffcient of determination R2 of 0.998. It also shows that aL,Model decreases with 
the increasing R-ratio. 

For parameter bL,Model in Figure 5b, which shows the ftting of the respective slopes, 
the selected linear ftting function also fts the values well. However, the values for 
R = 0.5 and R = 0.6 are slightly further away from the ftted straight line. The values 
for the other fve R-ratios are very close to the ft. The coeffcient of determination R2 of 
0.856 is therefore lower than that of the ordinate section. 

After ftting the parameters aL,Model and bL,Model, the two ft model functions are 
inserted into the linear lifetime fatigue model equation and rearranged according to the 
model number of cycles until breakage NL,Model, see Equation (9). � �

log(σa) − aL,ModelNL,Model = exp 10 (9)
bL,Model 

After applying the model equation, the fatigue behavior shown in Figure 6 can be 
predicted for the individual R-ratios for the linear fatigue lifetime model (in red). For better 
comparability, the results for the linear ft from Figure 3 are also shown. 
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The results of the linear fatigue lifetime model show a very good agreement between 
linear regression and model curves; see Figure 6. The positions of the model lines are in 
good agreement with the positions of the ft curves, which is due to the large correlation 
between the model parameter aL,Model and the R-ratio; see Figure 5a. The model curves for 
the R-ratios 0.1, 0.5 and 0.7 show slightly larger slopes than the ft curves. This observation 
correlates with the ftted slope values of the model parameter bL,Model; see Figure 5b. The 
agreement of the model is also examined by calculating the relative deviations of the loga-
rithm of the cycles to failure between all experimental data points and the corresponding 
model data, see Equation (3). The mean relative deviation between model and experiment 
is 3.4%, and the maximum relative deviation is 8.3%, which illustrates the very good 
agreement between the model and the experimental data. 

Since not all collected data points are considered in the modeling, an additional 
comparison is made with the relative deviations of all data points, including the measured 
data below 10,000 cycles. Here, the mean relative deviation increases to 5.2%, and the 
maximum relative deviation increases to 16.4%. This indicates that limiting the data for the 
linear model is necessary, and the linear model should not be applied below 10,000 cycles. 

3.3.3. Nonlinear Lifetime Model 

Based on the nonlinearly ftted Wöhler lines, the lifetime modeling for the nonlinear 
approach is performed next. For this purpose, the ft parameters aNL, bNL and cNL are 
determined for all Wöhler lines, plotted as a function of the R-ratio, and then ftted with 
model functions. Three linear functions are used to ft the parameters aNL,Model, bNL,Model 
and cNL,Model, see Equations (10)–(12). 

aNL,Model = ANL1 ∗ R + ANL2 (10) 

bNL,Model = BNL1 ∗ R + BNL2 (11) 

cNL,Model = CNL1 ∗ R + CNL2 (12) 

ANL1, ANL2, BNL1, BNL2 and CNL1, CNL2 are the corresponding ft parameters for 
ftting aNL,Model , bNL,Model and cNL,Model . The results of the ftted parameters as a function 
of the R-ratio are shown in Figure 7a–c. 
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Figure 7. Fit of the ft parameters aNL,Model (a), bNL,Model (b) and cNL,Model (c) as a function of the 
R-ratio of the nonlinear fatigue lifetime model. 

From the plot of the ftting function of aNL,Model, see Figure 7a, there is a relatively 
large deviation of the individual vales in a small range. For this reason, there appears to 
be very little or no correlation between the model parameter aNL,Model and the R-ratio. In 
general, the model values show a low increasing tendency with increasing R-ratio, which 
can be approximated by a linear ftting function. The low correlation with a slight increase 
in the model values can be further evidenced by the Pearson correlation coeffcient, which 
is 0.34. A similar conclusion can be drawn for the model parameter bNL,Model; see Figure 7b. 
The model values there also deviate relatively large in a small range, so that a correlation 
with the R-ratio is relatively low. However, the model values of bNL,Model show a slightly 
decreasing trend with increasing R-ratio, which can be approximately reproduced by a 
linear ftting function. The low correlation with a slight decrease in the model values 
can be further evidenced by the Pearson correlation coeffcient, which is −0.31. These 
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fndings are also refected in the very low coeffcients of determination of the two model 
parameters. In contrast, the model value cNL,Model, which represents the fatigue strength 
limit, shows a high correlation with the R-ratios, see Figure 7c. The individual values show 
almost no deviations from the linear ft function, which is also shown by the very high R2 

values of 0.963. 
Then, the ftted model parameters aNL,Model, bNL,Model and cNL,Model are substituted 

into the nonlinear fatigue lifetime model equation according to Stüssi, see Equation (13). � � �� 
σa − cNL,ModelNNL,Model = exp 10 aNL,Model − bNL,Model ∗ log (13)

σaTS − σa 

After applying the model equation, the fatigue behavior shown in Figure 8a,b can be 
predicted for the individual R-ratios (in red) for the nonlinear fatigue lifetime model. For 
better comparability, the results for the nonlinear ft from Figure 4a,b are also shown. 
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Figure 8. Nonlinear fatigue lifetime model calibrated and applied to Al-Pure with a diameter of 
300 µm (a), enlarged section of the nonlinear fatigue lifetime model in the range of 1 to 1000 cycles 
including the static stress amplitude σaTS (b). 

The developed nonlinear fatigue lifetime model (see Figure 8a) shows a very good 
agreement for all R-ratios over the entire cycle range considered. A quantitative comparison 
of the experimental data with the model data using Equation (3) gives a mean relative 
deviation of 0.16% and a maximum relative deviation of 3.7%. These very small deviations 
illustrate the very good agreement between the nonlinear model and the experimental data. 
Thus, it can be shown that the apparently low correlation between the model parameters 
aNL,Model and bNL,Model and the R-ratio does not have a major impact on the representa-
tion of the nonlinear fatigue lifetime model. For the fatigue limit range, there are small 
deviations between the ftting curves and the model curves for the R-ratios of 0.1, 0.3 and 
0.7. Since there is a very large correlation between the model parameter cNL,Model and the 
R-ratio, it can be assumed that the prediction of the nonlinear fatigue lifetime model in 
the fatigue limit range is more credible than the prediction of the individual ftted curves. 
Presumably, too few data points are available in the maximum cycle range for a reliable 
extrapolation to the fatigue limit for the individual fts. The values of the tensile strength in 
the low-cycle fatigue range, which are converted into the stress amplitude σaTS, are well 
matched by all model curves; see Figure 8b. 
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3.4. Verifcation of the Extrapolation by Smith Diagrams 

After applying the models to the Al-Pure wire with a diameter of 300 µm, which 
have already shown good agreement, the next step is to check whether it is possible to 
extrapolate the model data using Smith diagrams with 1,000,000 cycles each. For this 
purpose, the models are extrapolated over an R-ratio range from −1.0 to 0.8. 

First, the experimental fatigue results are compared with the linear fatigue lifetime 
model results (see Figure 9). The experimental results are obtained from the linear ft-
ting equations of the individual R-ratios by calculating the corresponding maximum and 
minimum stresses for 1,000,000 cycles. The modeled results are determined based on the 
linear lifetime fatigue model equation for the different R-ratios to determine the modeled 
maximum and minimum stresses for 1,000,000 cycles. 

Metals 2023, 13, x FOR PEER REVIEW 12 of 19 
 

 

3.4. Verification of the Extrapolation by Smith Diagrams 
After applying the models to the Al-Pure wire with a diameter of 300 µm, which have 

already shown good agreement, the next step is to check whether it is possible to extrap-
olate the model data using Smith diagrams with 1,000,000 cycles each. For this purpose, 
the models are extrapolated over an R-ratio range from −1.0 to 0.8. 

First, the experimental fatigue results are compared with the linear fatigue lifetime 
model results (see Figure 9). The experimental results are obtained from the linear fitting 
equations of the individual R-ratios by calculating the corresponding maximum and min-
imum stresses for 1,000,000 cycles. The modeled results are determined based on the lin-
ear lifetime fatigue model equation for the different R-ratios to determine the modeled 
maximum and minimum stresses for 1,000,000 cycles. 

 
Figure 9. Smith diagram for 1,000,000 cycles with experimental data (blue) for the R-ratios from 0.1 
to 0.7 including linear extension of Smith lines (blue) and model data (grey, red) for R-ratios from 
−1.0 to 0.8. 

Figure 9 shows an adapted Smith diagram according to [27] with the experimental 
results for the R-ratios from 0.1 to 0.7 (blue) and the linear extensions of the Smith lines. 
All maximum stress values for 1,000,000 cycles are significantly above the initial yield 
stress of the wire, so that massive plastic deformation and necking accompany the fatigue 
failure. More information about the failure mechanism and fracture appearance is shown 
in [27]. The Smith diagram is complemented by the modeled maximum and minimum 
stress values for the R-ratios from −1.0 to 0.8. The modeled stress values for the R-ratios 
from 0.1 to 0.7 (red) are very similar to the experimental results and reproduce them well. 
The remaining modeled R-ratios above or below the range of 0.1 to 0.7 (grey) will not be 
correctly predicted by the current linear fatigue life model. The R-values below 0.1 do not 
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also a linear function as for 𝑏 ,  is assumed, the Wöhler lines of the model show very 

Figure 9. Smith diagram for 1,000,000 cycles with experimental data (blue) for the R-ratios from 
0.1 to 0.7 including linear extension of Smith lines (blue) and model data (grey, red) for R-ratios from 
−1.0 to 0.8. 

Figure 9 shows an adapted Smith diagram according to [27] with the experimental 
results for the R-ratios from 0.1 to 0.7 (blue) and the linear extensions of the Smith lines. All 
maximum stress values for 1,000,000 cycles are signifcantly above the initial yield stress of 
the wire, so that massive plastic deformation and necking accompany the fatigue failure. 
More information about the failure mechanism and fracture appearance is shown in [27]. 
The Smith diagram is complemented by the modeled maximum and minimum stress values 
for the R-ratios from −1.0 to 0.8. The modeled stress values for the R-ratios from 0.1 to 0.7 
(red) are very similar to the experimental results and reproduce them well. The remaining 
modeled R-ratios above or below the range of 0.1 to 0.7 (grey) will not be correctly predicted 
by the current linear fatigue life model. The R-values below 0.1 do not run along the linearly 
extended Smith lines but are elliptically below the maximum stress line and above the 
minimum stress line. Above an R-ratio of 0.7, the maximum and minimum stress values 
run parallel to the diagonal line without approaching an intersection point. The Smith 
diagram is therefore limited to a maximum R-ratio of 0.7. 

The reason that the interpolation between the R-ratios 0.1 and 0.7 fts very well and the 
extrapolation does not is due to the ftting equations chosen for the parameters aL,Model and 
bL,Model. The quadratic function of the ordinate intercept aL,Model has a particularly large 
effect on the shape of the model predictions because it has a parabolic shape, as can be seen 
for the R-ratios below 0.1. In contrast, the ft equation for the slope bL,Model has a linear 
form and thus a smaller infuence. If instead of the quadratic function for aL,Model also a 
linear function as for bL,Model is assumed, the Wöhler lines of the model show very large 
deviations and partly shift to the ft functions. Also, a representation in the Smith diagram 
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results in considerable deviations, which is why a graphical representation is omitted here. 
The model presented here is therefore only applicable to a range from R = 0.1 to R = 0.7. 

Subsequently, the experimental fatigue results are compared with the results of the 
nonlinear fatigue lifetime model (see Figure 10). The experimental results are calculated 
in the same way as described for the linear model. The modeled results are calculated by 
the nonlinear fatigue lifetime model equation for the different R-ratios to determine the 
modeled maximum and minimum stresses for 1,000,000 cycles. 
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Figure 10. Smith diagram with 1,000,000 cycles with experimental data (blue) for the R-ratios from 
0.1 to 0.7 and with model data (red) for the R-ratios from −1.0 to 0.8 based on the nonlinear fatigue 
lifetime prediction model. 

Figure 10 shows an extended Smith diagram based on [27] with the experimental 
results for the R-ratios from 0.1 to 0.7 (blue), supplemented by the modeled maximum and 
minimum stress values for the R-ratios from −1.0 to 0.8 (red). The model values provide 
very consistent results both in the experimentally detectable range from 0.1 to 0.7 and 
show a linear progression above and below this range. The model shows the expected 
linear behavior of the maximum and minimum stress lines very well even outside the 
experimental range. The reason for this is the chosen curve shape of the ftting functions 
for the three parameters aNL,Model, bNL,Model and cNL,Model, which each indicate the course 
of a straight line. The progression of maximum and minimum stress values for additional 
R-ratios appears reasonable and opens the possibility of predicting the fatigue lifetime 
behavior for specifc R-ratios based on the presented results and modeling without further 
experimental investigations. 

3.5. Transfer of the Fatigue Models to Further Aluminum Bonding Wires 

After developing and presenting the two different approaches for modeling the fatigue 
lifetime behavior based on the Al-Pure wire with a diameter of 300 µm, the next step is to 
apply the two models to the fatigue results for the other three wire types. For this purpose, 
the fatigue behavior of the wires was determined experimentally for the three R-ratios of 
0.1, 0.4 and 0.7 (see Figure 11). Here, the results of the individual Wöhler tests for the three 
R-ratios are approximately linear and parallel to each other. The Al-Prime wire with a 
diameter of 500 µm (dark red) achieves the highest stress amplitudes. The results of this 
wire type are clearly above those of the other wires investigated for all R-ratios. The results 
of the same wire type with a diameter of 300 µm (red) are about 1–2 MPa below the stress 
amplitudes of the Al-Prime with a diameter of 500 µm. Directly below this are the results 
of the Al-Pure with a diameter of 500 µm (dark blue). These are very close to the results 
of the Al-Prime with a diameter of 300 µm, so that they partially overlap. Finally, with 
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the lowest stress amplitudes, follow the results of the Al-Pure with a diameter of 300 µm, 
which have been used to calibrate the two fatigue lifetime approaches (blue). The order of 
the fatigue results of all four wire types according to their occurring strengths can be very 
well related to the results of their tensile tests; see Figure 1. 
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Figure 11. Experimental fatigue results of Al-Pure (dark blue and blue) and Al-Prime (dark red and 
red) with diameters of 300 µm and 500 µm at R-ratios of 0.1, 0.4 and 0.7. 

Subsequently, both model approaches are applied to the fatigue results with R-ratios 
of 0.1, 0.4 and 0.7 for another wire. For this purpose, the stress amplitude σa must be scaled 
to the quotient of the tensile strength of the Al-Pure with a 300 µm diameter and the tensile 
strength of the other wire (see Equation (14)). 

σTS,AlPure300
σa,sc = σa ∗ (14)

σTS,Wire 

The scaled stress amplitude can then be substituted for the stress amplitude in both 
model equations, allowing the prediction of Wöhler lines for different R-ratios based on the 
tensile strength of the wire in question. For the linear modeling of the wire fatigue lifetime, 
the following Equation (15) is obtained. � �

log(σa,sc) − aL,ModelNL,WireModel = exp 10 (15)
bL,Model 

The nonlinear fatigue lifetime model replaced by the scaled stress amplitude is shown 
in Equation (16). � � �� 

σa,sc − cNL,ModelNNL,WireModel = exp 10 aNL,Model − bNL,Model ∗ log (16)
σaTS − σa,sc 

Figure 12 shows the fatigue results with the linearly modeled Wöhler lines (in green) 
for all four wire types investigated. To verify that the predicted model lines are accurate, 
the experimental results of the wires are also plotted on the Wöhler diagram. 
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The model lines of the linear fatigue lifetime model show good agreement with the 
experimental results of all four wire types. All experimentally measured values were 
considered when applying the linear model, and the measured values below 10,000 cycles 
were not neglected as in the calibration of the model (compare Figure 3). Here, especially 
the larger stress amplitudes at higher R-ratios, cannot be well reproduced by the linear 
model. The agreement of the applied model with the experimental data is also investigated 
by a quantitative comparison of the relative deviations with and without the data below 
10,000 cycles using Equation (3). The mean relative deviation based on all data is 6.0% and 
the maximum relative deviation is 15.5%, while the mean relative deviation based on the 
reduced data is 4.2% and the maximum relative deviation is 8.8%. 

Thus, the linear fatigue lifetime model can only be used to represent the linear range 
of the Wöhler line and not the entire cycle range. However, the model is very well suited 
for the linear Wöhler range, as shown by the low relative deviations between model and 
experiment. Compared to the developed model, the model applied to other wire materials 
shows slightly larger deviations, except for the maximum relative deviation related to all 
data points. 

Next, the nonlinear fatigue lifetime model is applied to the experimental fatigue results 
of the four wire types, see Figure 13. 

The nonlinear model can reproduce the entire cycle range considered very well for 
all four wires. This is also verifed by a low mean relative deviation of 0.42% and a low 
maximum relative deviation of 5.1%. The relative deviations of the model applied to the 
other wires are only slightly larger than the relative deviations of the developed model. 
Smaller differences occur in the fatigue results of the Al-Prime wire with a diameter of 
500 µm and show small deviations from the model lines and the experiment for the R-ratio 
of 0.7 in the transition region from high-cycle fatigue (HCF) to the fatigue strength limit. 
Here, the experimental data run slightly above the model line, while the frst measurement 
points can be represented very well by the model. The reason for the deviations could be 
the small amount of experimental data for the other wires. While for the modeling, the 
data sets for the Al-Pure wire with a diameter of 300 µm were further supplemented to be 
able to generate the models more accurately, for the other wire types investigated, mostly 
only double determinations were carried out for the individual stress. Supplementary 
measurements can contribute to the higher accuracy. 
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4. Discussion 

In the presented paper, a linear and a nonlinear fatigue lifetime model were developed 
and calibrated based on fatigue results from a 300 µm Al-Pure aluminum bonding wire in 
a double logarithmic representation. Two fatigue equations from the literature were used 
as the basis for the modeling, with which the experimental results were ftted in a frst step, 
and their parameters were ftted and transferred to the model equations for the fatigue life 
predictions in a second step. The two modeling approaches were subsequently applied to 
other aluminum wire types and diameters to verify that the tensile strength of the wires 
could be used to predict their fatigue behavior. For this purpose, a scaling term was added 
to the models to account for the tensile strength of the wire. 

The linear fatigue lifetime model is based on the Wöhler equation and showed good 
reproducibility on plotting the individual Wöhler lines above 10,000 cycles for R-ratios 
of 0.1 to 0.7. However, the model could not be applied below 10,000 cycles and outside 
the R-ratio range. Since only a straight line could be modeled in the Wöhler diagram, the 
lower cycle range could not be modeled with this model because of its decreased slopes. 
This is also evidenced by the increasing mean and maximum relative deviations when the 
cycles below 10,000 are included in the calculations. In the associated Smith diagram for 
1,000,000 cycles, only the experimentally detectable range of 0.1 to 0.7 was well reproduced 
because of the shape of the ftting equations for the model parameters. The model could be 
transferred to the other wires by scaling to their strength and representing well the cycles 
over 10,000 of the other wires. Outside this range, however, the model was not applicable. 

The nonlinear fatigue lifetime model is based on the Stüssi equation and showed very 
good reproducibility in plotting the Wöhler lines over the entire cycle range studied. The 
model reproduced the entire Wöhler curve very well and showed only very small deviations 
between model and experimental data. The Smith diagram for 1,000,000 represented the 
R-ratios from 0.1 to 0.7 very well and allowed very reasonable predictions for the further 
R-ratios. The nonlinear model could therefore be used for the entire cycle range considered, 
as well as for all R-ratios between −1.0 and 0.8. 

The nonlinear model could be transferred very well to the other aluminum wires. The 
mean relative deviation of 0.42% and the maximum relative deviation of 5.1% provide 
higher accuracy for the applied nonlinear model than the applied linear model, where 
the mean relative deviation is 4.2% and the maximum relative deviation is 8.8%. For this 
reason, the nonlinear model is to be preferred for lifetime prediction. 
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With these results, it could be confrmed that a general room-temperature fatigue life 
model could be developed and that it was possible to predict the fatigue behavior of a 
wire based on the knowledge of its tensile strength. However, the model currently does 
not consider temperature, microstructure, frequency, or other loading situations. Some 
investigations in the literature have shown that these boundary conditions can affect the 
fatigue behavior of the wires [5–7,14–18,21,22]. Further investigations in address these 
infuences are planned. Another aspect, that can be relevant for the lifetime of bonded wire 
bridges is the ultrasonic loading during the bonding process and the bending during the 
bridge formation. These process-related aspects will not be considered since we want to 
separate pure material behavior as a frst step. 
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