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Abstract: Bonding wires made of aluminum are the most used materials for the transmission of
electrical signals in power electronic devices. During operation, different cyclic mechanical and
thermal stresses can lead to fatigue loads and a failure of the bonding wires. A prediction or
prevention of the wire failure is not yet possible by design for all cases. The following work presents
meaningful fatigue tests in small wire dimensions and investigates the influence of the R-ratio on the
lifetime of two different aluminum wires with a diameter of 300 um each. The experiments show very
reproducible fatigue results with ductile failure behavior. The endurable stress amplitude decreases
linearly with an increasing stress ratio, which can be displayed by a Smith diagram, even though the
applied maximum stresses exceed the initial yield stresses determined by tensile tests. A scaling of
the fatigue results by the tensile strength indicates that the fatigue level is significantly influenced by
the strength of the material. Due to the very consistent findings, the development of a generalized
fatigue model for predicting the lifetime of bonding wires with an arbitrary loading situation seems
to be possible and will be further investigated.

Keywords: small-scale fatigue testing; R-ratio; aluminum bonding wire; power electronics

1. Introduction

Heavy bonding wires made of high-purity aluminum with diameters between 125 pm
and 500 um are the most used materials for the transmission of electrical signals and for
the electrical connection in power electronic devices. More than 90% of the bonding wires
are processed into bridges by wedge-wedge wire bonding [1].

In this process, the bonding wire is held by a wedge bond tool and is welded by
ultrasonic power on a substrate material. The geometry of a wire bridge is created by the
movement of the bond tool [2,3]. The wire bridge usually connects substrate materials with
different thermal expansion coefficients. During operation, the bonding wires are exposed
to electric current, corrosive media as well as cyclic mechanical and thermal stresses in a
temperature range of —20 °C to +125 °C [2]. The combination of differences in thermal
expansion of the substrates and the cyclic stresses can lead to fatigue loads and thus to
an early failure of the bonding wires, which is related to low cycle fatigue or high cycle
fatigue, depending on the application. The fatigue loading can result in cracks in the heel
area or the loop top of the bonding wires or a lift-off from the substrates which can lead
to a failure of the complete electronic component or device [2,4,5]. The prediction or the
prevention of wire failure in highly stressed components is not yet possible by design for
all cases. However, from preceding investigations, it is already known that the geometry of
the wire bridge, e.g., its height or length, has an influence on its lifetime [4,6].

There are multiple publications which focus on the reliability or lifetime of aluminum
bonding wires with different methods and approaches, e.g., (a) axial and transversal
micro-compression tests on small wire cylinders to characterize the anisotropic hardening
behavior [2,5], (b) uniaxial low cycle fatigue tests on Al, Cu and Al/Cu bonding wires
with diameters of 300 um and a testing length of 1 mm [7], (c) very high cycle strain
fatigue tests on Al bonding wires with an ultrasonic resonance system [8], (d) fatigue
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tests of wire bridges caused by a relative movement of the bond bases realized by a piezo
actuated test bench [4,9] or a resonance testing system [10], (e) accelerated mechanical
fatigue interconnect tests on wire bridges investigated by a modified semi-automated bond
wire fatigue tester [11,12] or (f) electrical power cycling tests of wire bridges to investigated
the microstructural changes in the interface [13].

The presented publications show that most of the reliability and lifetime predictions
deal with the investigation of the wire bridges and that there are currently few publications
on fatigue tests of the wire material itself. Therefore, the aim is to be able to predict
the fatigue mechanism and lifetime behavior of the wires which is not tied to the wire
bridge geometry. Herein, we take on a special challenge to carry out meaningful and
robust lifetime tests in small wire dimensions with acceptable test frequencies in order to
characterize the fatigue behavior for different loading situations.

The following work presents the results of fatigue tests with different R-ratios in a
range between 0.1 and 0.7 of two different high-purity aluminum bonding wires with a
diameter of 300 um. The results are presented and discussed in terms of Wohler and Smith
diagrams and correlated to tensile test results. In addition, the failure behavior is analyzed
by investigating their fracture surfaces by a scanning electron microscope.

2. Materials and Methods

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

2.1. Aluminum Bonding Wires

Two high-purity aluminum bonding wires with different amounts of doping elements
and a diameter of 300 um each are investigated. The first one is Alubond Pure and the
second one is Alubond Prime from Heraeus Electronics/Heraeus Deutschland GmbH
Co. KG (Hanau, Germany). In the following, the wires are called Al-Pure and Al-Prime,
respectively. The wires are wound on coils and must be carefully unwound piecewise
and cut into length of approximately 40 mm for the mechanical investigations. The wires
must be gently handled at the cut ends in order to avoid damage of the wires in the tested
volume. Due to their high purity, the wires are very soft, so care had to be taken during
handling not to deform them.

2.2. Tensile Testing

For tensile testing, a 40 mm long wire sample was directly fixed 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 and a test length of 20 mm.
The wires are tested with a speed of 5 mm/min. The tensile tests were performed as
a tenfold determination for both wire types. Only wires that failed within the 20 mm
clamping length are considered in the following evaluation. The nominal stress-strain
curves were calculated from the determined force-displacement curves. Possible influences
of the slightly bended samples were automatically corrected and the mean curves were
calculated by a Python™ (Python Software Foundation, Beaverton, OR, USA, Version 3.9)
script. The yield strength 0y and tensile strength o5 for both types of aluminum wires
are determined from the individual measurements.

2.3. Fatigue Testing

For the fatigue testing, a 40 mm long wire sample was directly fixed by the clamping
jaws of the electrodynamic testing machine LTM 1 HR from Zwick Roell (Ulm, Germany).
To protect the wires from air draft or significant temperature fluctuations, the measuring
setup is operated in the switched-off furnace of the LTM 1 HR. Figure 1 shows the mea-
surement setup in the furnace (Figure 1a) including a detailed picture of a fixed wire in the
clamping jaws of the machine (Figure 1b). When fixing the wire sample in the clamping
jaws, care must be taken to ensure that the wires were as straight as possible without
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deforming and straightening the wire and that they were correctly fixed in the clamping
jaws without being able to slip.
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(b)

Figure 1. Measurement setup with a fixed wire in the clamping jaws in the furnace of the LTM 1 HR
from Zwick Roell (a); detailed picture of a fixed wire in the clamping jaws (b).

The fatigue tests were carried out with a 100 N load cell and a clamping length of
20 mm at a frequency of 40 Hz with sinusoidal load. The applied stress amplitudes o, were
varied in 0.5 MPa steps for the individual R-ratios. The R-ratio was varied in the range
between 0.1 and 0.7 with steps of 0.1 for Al-Pure. Al-Prime is tested with R-ratios of 0.1,
0.4 and 0.7. The R-ratio is defined by the quotient of minimum stress 0, and maximum
stress Omax, see Equation (1):

Umin
R Omax M

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 by a Python™ routine according
to DIN 50100:2016-12 [14]. In the script, it is checked that there is no overshoot of the load
and that the maximum and minimum stresses of each cycle are within a 3% range of the
load amplitude. Cycles, where the maximum load is below the 3% limit, are not counted
for the number of cycles to failure. The measurements were carried out for each R-ratio
and each stress amplitude o, at least as a double determination. Only wires which failed
within the 20 mm clamping length are considered in the evaluation.

Figure 2a exemplarily shows a representative maximum stress history of a conducted
fatigue experiment. Here, the maximum stress values omax of each cycle from a fatigue
experiment of an Al-Pure sample tested with a R-ratio of 0.3 and a stress amplitude o, of
13.5 MPa are shown. From this figure it can be seen, that all maximum stress values of the
nearly 500,000 cycles are within the range of +3% o, which is illustrated by the red lines.
In an analogous way, the minimum stress o, history is also checked; see Figure 2b.
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Figure 2. History of maximum stress values (a) and minimum stress values (b) up to fracture
in the £3% range (red lines) for Al-Pure Sample 71, R = 0.3, 0, = 13.5 MPa, 0max = 38.57 MPa,
Omin = 11.6 MPa, N = 485,139.

2.4. SEM Analysis

In order to investigate the failure behavior, facture surfaces of selected wires from both
wire types were examined after the fatigue tests by the scanning electron microscope JSM-
6510 (Jeol, Tokyo, Japan). The images were generated with a secondary electron detector by
a voltage of 10 kV and a working distance between 10 mm and 12 mm.

3. Results

The following section presents the results of the experimental investigation of the
tensile tests, the fatigue tests and fracture surface analyses.
3.1. Tensile Testing

The nominal stress-strain curves of Al-Pure (blue) and Al-Prime (red) determined by tensile
tests are shown in Figure 3. It can be observed that the results of all ten individual measurements
(grey) for both wire types have a very low scatter and therefore a very good reproducibility.

50- -
40-
i
o
=
& 30-
w
v
g
o
220
£
o
=4
10
= Al-Pure
* Al-Prime
0o 5 10 15 20 25 30 35

Nominal Strain &, [%]

Figure 3. Comparison of the average nominal stress-strain curves of Al-Pure (blue) and Al-Prime (red).
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The tensile tests show that Al-Prime has an initial yield stress of 0y, = 30.8 & 0.7 MPa
and a tensile strength of ors = 49.2 £+ 0.5 MPa. These values are higher compared to the
values determined for Al-Pure, which has an initial yield stress of 0yp2 =23.9 £ 0.7 MPa
and a tensile strength of o1g = 45.8 & 0.2 MPa. However, the results also show that for
Al-Pure the tensile strength occurs at a strain of about 29%, whereas for Al-Prime it already
occurs at 23%. Thus, it can be concluded that the investigated Al-Pure wire can withstand
lower stresses but higher strains than the investigated Al-Prime wire.

3.2. Fatigue Testing

In the following section, the fatigue results of Al-Pure at R-ratios of 0.1, 0.2, 0.3, 0.4,
0.5, 0.6 and 0.7 will be shown in Wohler and Smith diagrams. Then, a comparison of the
fatigue results of Al-Pure and Al-Prime for R-ratios of 0.1, 0.4 and 0.7 is made and the
fatigue results are correlated to the tensile behavior by scaling Wohler and Smith diagrams
to the initial yield stress 0y and the tensile strength ors, respectively.

3.2.1. Influence of R-Ratio on the Fatigue of Al-Pure

Figure 4a shows the Wohler diagram of Al-Pure with R-ratios between 0.1 and 0.7 with
steps of 0.1 and maximum cycles to failure in a range of 1,000,000 and 10,000,000. Two wires
have exceeded the maximum number of cycles N of 10,000,000 for the R-ratios of 0.3 and
0.4 without failing. These are presented as unfilled markers in the Wohler curves. The fatigue
results show a linear relationship in the double logarithmic plot in which the number of cycles
N increases significantly with decreasing stress amplitude ¢,. Depending on the R-ratio, the
stress amplitude decreases with increasing R-ratio. With a R-ratio of 0.1 the stress amplitudes
are between 19 MPa and 16 MPa in the range of 1,000 to 1,000,000 cycles. In comparison the
stress amplitudes for a R-ratio of 0.7 are between 6.5 MPa and 5.5 MPa. Furthermore, it can
be observed that the slopes in the Wohler curves slightly increase with the increasing R-ratio.
In addition, fewer stress amplitudes can be approached and thus fewer measured values can
be collected for a fixed stress increment of do = 0.5 MPa.
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Figure 4. Wohler diagram of Al-Pure at 40 Hz with R-ratios between 0.1 and 0.7 (a), Smith diagram
of Al-Pure at 1,000,000 cycles with R-ratios between 0.1 and 0.7 (b).

The fatigue results could also be represented by a Wohler diagram showing the max-
imum stress against the cycles to failure. Here, the order of the fatigue curves would be
reversed compared to the Wohler diagram of the stress amplitude, meaning the maxi-
mum stress increases with increasing stress ratio. For R = 0.1 a maximum stress range of
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35.6 MPa to 42.2 MPa is investigated, whereas for R = 0.7 a range of 36.7 MPa to 43.3 MPa
is investigated. Since the effect of the R-ratio on the maximum stress is rather small, it
is more useful to illustrate this effect in terms of a Smith diagram. For this purpose, the
maximum stresses o'max and minimum stresses 0, for 1,000,000 cycles are calculated from
the linear regression equations of the Wohler curves and plotted against the mean stress
Omean to construct the Smith diagram, shown in Figure 4b. For each R-ratio, there is a pair
of values of maximum and minimum stresses which describe a linear increasing trend,
whereby the minimum stress has a significantly greater slope than the maximum stress. It
can be observed that the difference between the maximum and minimum stress becomes
smaller with the increasing R-ratio. When the lines of maximum and minimum stress are
linearly extended, they meet between the yield stress 0y and the tensile strength o5 on a
45-degree line. All maximum stress values significantly exceed the initial yield stress value,
so that massive plastic deformation is to be expected, even for loading situations where
failure occurs above 1,000,000 cycles.

The regime between the maximum and minimum stress indicates the usable range in
which the stress amplitudes ¢, for each R-ratio can be varied. It can be determined that the
usable stress amplitude range decreases with increasing R-ratio. This also shows why in the
Wohler diagram in Figure 4a fewer stress levels could be investigated with the increasing R-ratio.

3.2.2. Comparison of Fatigue Results of Al-Pure and Al-Prime

Figure 5a compares the Wohler diagram of Al-Pure (blue) and Al-Prime (red) for
R-ratios of 0.1, 0.4 and 0.7. The Wohler curves of both wire types show a linear correlation
in the double logarithmic plot with a low scatter. The number of cycles to failure N increase
with decreasing stress amplitudes o, for both wire types. The Wohler curves of Al-Prime
run almost parallel just above the curves of Al-Pure with a difference of approx. 1 MPa,
whereby the curve of Al-Prime with a R-ratio of 0.7 flattens slightly stronger than the
corresponding curve of Al-Pure.

Stress amplitude o, [MPal

50 =3
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40 Vo i
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0, il 2
30- y0.2 Al Pnyv!(; L3 —

Omax » Omin [MPa]

Al-Pure

— Al-Prime
-50
103 104 10° 10 107 108 0 10 20 30 40 50
Cycles to failure N [-] Omean [MPa]
(a) (b)

Figure 5. Wohler diagram of Al-Pure and Al-Prime at R-ratios of 0.1, 0.4 and 0.7 (a), Smith diagram
of Al-Pure and Al-Prime at 1,000,000 cycles with R-ratios of 0.1, 0.4 and 0.7 (b).

If the Smith diagrams are calculated at 1,000,000 cycles for Al-Pure and Al-Prime
for the three R-ratios 0.1, 0.4 and 0.7 and plotted together, the following diagram results
in Figure 5b. A direct comparison of the maximum and minimum stresses shows that
these are slightly higher in Al-Prime than in Al-Pure. It is also noticeable that the mean
stresses Omean Of Al-Prime are slightly shifted to the right and that this shift increases
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with increasing R-ratio. This means that the range in which the maximum and minimum
stresses of Al-Prime can be varied is slightly larger than in Al-Pure. Due to the different
slopes of the maximum and minimum stress lines of both wire types, they meet at different
mean stresses Omean. For Al-Prime, the point intersection of the stress lines is about
42 MPa, which is slightly higher than that of Al-Pure with 38 MPa. The intersection points
for Al-Pure and Al-Prime are both significantly above the initial yield stress oy 2; they
are located approximately 60% between initial yield stress oy and tensile strength ors
for Al-Prime and 64% for Al-Pure, respectively. Since all maximum stress values omax are
also significantly above the initial yield stress 0y, a massive plastic deformation can be
expected for both wire types with slightly more plastic deformation for Al-Pure.

3.2.3. Influence of Yield Stress and Strength on the Fatigue Behavior

For estimating the influence of the initial yield stress 0yo.2 and the tensile strength o1g
on the fatigue behavior the Wohler and Smith diagrams of both wire types are scaled to the
values of the initial yield stress 0y > and the tensile strength org, respectively. The resulting
diagrams are shown in Figure 6a,b and Figure 7a,b. A scaling to the initial yield stress oy
switches the order of the results, meaning that after scaling the values of Al-Pure are above
these of Al-Prime. In addition, the curves are further apart than in the unscaled plots in
Figure 5a,b.
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Figure 6. Wohler diagram scaled to the initial yield stress oy, of each wire material (a), Smith
diagram scaled to initial yield stress oy of each wire material (b).
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Figure 7. Wohler diagram scaled to the tensile strength o5 of each wire material (a), Smith diagram
scaled to tensile strength o5 of each wire material (b).
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Instead, by a scaling to the tensile strength o1g the Wohler and Smith diagrams
coincide. This indicates that the fatigue limit is significantly influenced by the strength of
the material and that batch-to-batch scatter of the strength, which is usually significantly
larger than the scatter of the strength of material taken from one specific wire spool, should
be considered for lifetime predictions.

3.3. Analysis of Fracture Surfaces

Selected samples of both wire types are investigated by the scanning electron micro-
scope (SEM) after fatigue testing regarding their fracture behavior. Figure 8 compares
exemplary the images of an Al-Pure wire loaded with a stress amplitude o, of 16 MPa
(Figure 8a,b) and an Al-Prime wire loaded with a stress amplitude ¢, of 17.5 MPa
(Figure 8c,d) at magnifications of 200 and 400. Both wires were tested with a R-ratio
of 0.1 and each of the wires lasted more than 1,000,000 cycles.

100um
0016

SElI  10kV WD12mm
Probe 45 rechter Draht x400

SS60 x400 50um

08 Sep 2022 0013

08 Sep 2022

SEI  10kV WD10mm
Probe 9 rechter Draht x400

100pum SS60

0048 09 Sep 2022 09 Sep 2022

(0 (d)

Figure 8. SEM images of Al-Pure at R = 0.1, 0, = 16 MPa, omax = 35.6 MPa, N = 2,438,255 at
magnifications of 200 (a) and 400 (b) and Al-Prime at R = 0.1, 0, = 17.5 MPa, omax = 38.9 MPa,
N = 4,201,059 at magnifications of 200 (c) and 400 (d) after fatigue testing.

Both wires have a similar fracture behavior, but with little differences. In general,
the wires show a conical shape with a significant necking and a residual fracture face
in the middle of the wire. The wires exhibit a slightly wavy surface structure over their
longitudinal surface, which stands out more strongly towards their fracture surface. This
kind of fracture topology is similar to fracture topologies found after tensile loading.
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It can be seen from the SEM images that Al-Pure has a slightly longer necking, see
Figure 8a, and a smaller residual fracture surface, see Figure 8b, compared to Al-Prime,
see Figure 8c,d, which indicates a slightly higher ductility of the Al-Pure wire. From the
fractographic analyses, no classical crack initiation can be found due to the unusually high
amount of plastic deformation. For comparison, the applied maximum stress in the fatigue
test corresponds to a plastic strain in a tensile test of approximately 4.8% for Al-Pure and
3.3% for Al-Prime, respectively; see Figure 3. Consequently, the plastic deformation results in
a pronounced necking, which dominates the fracture behavior of aluminum bonding wires.

Further fractography analyses were performed on wires loaded with a stress ratio of
R = 0.7 and on wires loaded with higher stress amplitudes. Here, the investigated fracture
surfaces indicated no significant influence of the R-ratio and the number of cycles to failure
on the fracture type.

4. Discussion

In the presented work, a reliable methodology for an efficient characterization of the
fatigue behavior of aluminum bonding wires with a diameter of 300 pum was developed.
The experiments show that it is possible to perform fatigue experiments with high accuracy,
meaning stable maximum and minimum stress levels within the whole experiment, with a
frequency high enough for characterizing the fatigue behavior up to 10,000,000 cycles in an
acceptable amount of time.

The fatigue experiments of the two wire types are very reproducible and consistent
for different stress ratios, which is demonstrated by the analysis of the fatigue behavior
for 1,000,000 cycles in terms of Smith diagrams. Here, a linear correlation of the maximum
stress 0 max, minimum stress onin and consequently the stress amplitude ¢, is found. From
this it is concluded that it should be possible to develop an efficient lifetime model based
on Wohler or Smith diagrams even though the loading is significantly above the initial
yield stress 0y of the material and wire failure goes along with large plastic deformation.

Furthermore, it is shown that the fatigue results for both wire materials coincide when
a scaling to the tensile strength o1g is applied. This can be a hint that it should also be
possible to develop a more generalized fatigue model for different wire materials or at
least a fatigue model considering batch-to-batch scatter for one wire material type. Further
investigations for developing such a generalized lifetime model and meaningful validation
experiments are planned.
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