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Abstract

This study investigates the sensitivity of factors influencing the contact resistance and reliability assessment of bolted copper—
aluminum electrical connectors. Through continuous energized dynamic testing, the temporal evolution of the contact resistance
and temperature of the contact area were monitored throughout the experiment. In conjunction with observations of contact surface
morphology and microstructural composition analysis, the intrinsic mechanisms underlying anomalous changes in contact resis-
tance were explored in depth. The results indicated that, during continuous current flow, the contact resistance of aluminum busbar
assemblies without plating exhibited an “initially low — rapid increase — gradual stabilization” pattern, whereas nickel-plated
aluminum assemblies maintained stable resistance. Quantitatively, the contact resistance of the nickel-plated group remained at
approximately 15 pQ, while that of the bare aluminum group rose to 400750 pQ. The evolution of the contact interface was
asymmetric, with the dynamic growth of the oxide layer on the aluminum surface being the dominant mechanism increasing resis-
tance. Moreover, the aluminum coating significantly reduced contact resistance and enhanced connection reliability.
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1. Introduction one of the most frequent and impactful failure phenom-

ena (Kolmer et al., 2022; Song et al., 2019). Excessive

In automotive power lithium-ion batteries, numerous
electrical connectors are integrated within the system,
serving as critical pathways for energy transfer and sig-
nal communication. The contact reliability at these inter-
faces directly affects the operational stability of both the
lithium-ion cells and the vehicle’s powertrain system.
Among the various failure modes of electrical connec-
tors, anomalous increases in contact resistance represent
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contact resistance under high-current conditions can
result in a rapid temperature rise in the contact region,
potentially exceeding safe operational thresholds. The
hazards associated with such localized overheating are
progressive: they not only accelerate the aging and deg-
radation of the conductive materials and surrounding in-
sulating components, significantly reducing the service
life of the connectors and battery modules, but if left un-
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controlled, may also lead to severe safety failures such
as electrical breakdown and insulation failure, thereby
posing a substantial risk to the overall safety of the pow-
er battery system (Song et al., 2025; Taheri et al., 2011).
To address the aforementioned thermal failure is-
sues, the design of electrical connectors aims to optimize
the contact interface to achieve low and stable contact
resistance, thereby ensuring that the maximum tempera-
ture within the contact region remains below the speci-
fied limit while maintaining performance stability under
long-term operational conditions (Kalich et al., 2022;
Khayam et al., 2017). Previous studies have identified
that the factors influencing contact resistance in electrical
connectors primarily include the base material, surface
plating material, plating thickness, and contact force.
Surface plating can reduce contact resistance by enhanc-
ing the electrical conductivity of the interface, preventing
oxidation of the base material, or inhibiting interdiffusion
between dissimilar connector materials (Khayam et al.,
2014; Tian, 2019; Wu, 2017; Zhu, 2023). A sufficiently
thick plating layer can effectively prevent exposure of
the underlying metal, avoiding resistance increases due
to base material oxidation, and can preserve the integ-
rity and functionality of the coating even after minor
wear (Bao et al., 2018; Feng et al., 2021; Hu et al., 2019;
Zhang Y. et al., 2019). Contact force regulates the level
of contact resistance by affecting the deformation of con-
tact spots and the real contact area (Alderete et al., 2023;
Huang et al., 2022; Zhang C. et al., 2022; Zhi, 2016).
Regarding the selection of base materials, copper
has long been the preferred choice for electrical connec-
tors due to its excellent electrical conductivity. However,
with the increasing demands for lightweight design and
cost reduction in automotive battery systems, aluminum,
which is characterized by low density and a significant
cost advantage, has gradually been introduced to par-
tially replace copper as a connector material in power
battery electrical systems (Runde, 2019). Nevertheless,
the aluminum surface readily forms a poorly conductive
oxide layer that is difficult to fully break during mechan-
ical assembly, resulting in copper—aluminum connec-
tors exhibiting higher contact resistance and generally

lower long-term reliability compared to copper—copper
connectors. Existing research and relevant standards
for copper—aluminum connectors have predominantly
focused on high-voltage power transmission and cable
connections, while studies on key factors influencing
contact resistance and reliability testing of copper—alu-
minum connectors under the low-voltage, high-current
conditions typical of automotive lithium-ion battery sys-
tems remain limited (Elkjaer et al., 2022; Slade, 2017).
Therefore, focusing on bolted copper—aluminum
electrical connectors, this study first carried out a sen-
sitivity analysis of the factors influencing contact re-
sistance through static contact resistance measurements
and variance analysis. Based on these results, the pri-
mary influencing factors were identified, and continu-
ous current dynamic tests under different current lev-
els were performed to monitor the temporal evolution
of both contact resistance and the temperature of the
contact region, thereby assessing the stability and reli-
ability of the connectors. Complementary observations
of the contact interface morphology and composition-
al analysis were carried out to reveal the underlying
mechanisms driving variations in contact resistance.
The findings of this study aim to provide a theoretical
basis for the high-reliability design of electrical con-
nection systems in automotive lithium-ion batteries.

2. Materials and methods
2.1. Materials

This study primarily carried out performance and charac-
terization tests on plated copper busbars, plated aluminum
busbars, and bare aluminum busbars used in lithium-ion
automotive battery system electrical connectors. The spe-
cific sample types are shown in Table 1. Among which,
“O” condition aluminum refers to aluminum that has un-
dergone full annealing, resulting in the lowest strength
and a generally softer texture; “H” condition aluminum
refers to aluminum that has undergone work hardening,
resulting in higher strength and greater hardness.

Table 1. Sample types

Base material Type of plating Thickness of plating Aluminum busbar state
tin plating 6 pm -
Copper ) . o S um -
tin plating with nickel underlayer
8 um -
. . O condition
without plating - .
H condition
Aluminum I,
) ) . O condition
nickel plating same thickness —
H condition
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2.2. Experimental methods

Contact resistance measurements of the electrical con-
nectors were carried out using the four-wire method
to eliminate the influence of lead and probe resistance
and to enable precise micro-ohm-level determination
of contact resistance. Static contact resistance tests
were first performed to quantify resistance levels under
different factor conditions, and variance analysis was
employed to identify key influencing factors. Based on
these results, dynamic current tests were further car-
ried out to evaluate the contact reliability and potential
thermal risks of the interface under continuous current
conditions. The experimental design for the static tests,
summarizing all combinations of factors investigated,
is presented in Table 2. During the dynamic test, the
samples were placed inside an extruded polystyrene
insulation box, with the contact resistance and the
adjacent surface temperature monitored in real time.
The temperature was measured using thermocouples,
which were fixed in position near the contact area with
high-temperature-resistant insulating tape throughout
the dynamic testing.

The copper and aluminum busbars were mechan-
ically connected using M6 bolts. Prior to assembly, the
contact surfaces were cleaned with ethanol to remove
any surface oxides or contaminants. The bolts were
tightened using a calibrated torque wrench to a speci-
fied torque. Except for the contact force test, all copper—
aluminum connectors were assembled with a tight-
ening torque of 8 N-m. The static test current was set
to 100 A, while dynamic tests were carried out at 100 A,
200 A, and 300 A. The test current was set based on
the actual operating current encountered in the battery
pack application. For plated aluminum busbar assem-

blies, the test duration under the 100 A, 200 A, and
300 A conditions was 1 h. For bare aluminum busbar
assemblies, the duration was 1 h under the 100 A and
200 A conditions, while under the 300 A condition, the
test duration was shortened to 45 min because the con-
tact resistance stabilized more quickly and the surface
temperature approached the insulation box limit.

To research the localized wear characteristics and
chemical evolution of the contact interface during cur-
rent flow, the surface morphology and elemental compo-
sition of copper—bare aluminum samples were compared
before and after dynamic testing. Sampling locations for
surface morphology observation and X-ray photoelec-
tron spectroscopy (XPS) analysis were selected around
the via areas, enabling targeted examination of surface
morphology and chemical composition evolution. These
analyses revealed the nucleation and expansion of con-
ductive spots, the degradation and regeneration of sur-
face films, and their impact on electrical performance.

3. Contact resistance test results

3.1. Sensitivity analysis of
factors influencing contact resistance

Figure 1 presents the results of static contact resistance
measurements obtained under the controlled variable
approach, and the corresponding one-way analysis
of variance (ANOVA) results are shown in Table 3.
The ANOVA results indicate that the F-values for sam-
ple hardness, aluminum busbar plating, and contact
force all exceed their respective critical F-values (£ ),
and the corresponding P-values are below the predeter-
mined significance level (o = 0.05).

Table 2. Experimental design for static tests

D Type of copper Thickness of copper Aluminum Aluminum Contact force
busbar plating busbar plating [pum] busbar state busbar plating [N'm]
tin plating with " . .
1 nickel underlayer 5 O condition nickel plating 8
2 tin plating 6 O condition nickel plating 8
tin plating with . . .
3 nickel underlayer 8 O condition nickel plating 8
tin plating with .. . .
4 nickel underlayer 5 H condition nickel plating 8
5 tin plating with 5 O condition without plating 8
nickel underlayer
. . . 4
6 tn p lating with 5 O condition nickel plating 8
nickel underlayer 12
7 tnp lating with 5 O condition without plating 8
nickel underlayer 12
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Fig. 1. Static contact resistance measurement results: a) copper busbar plating; b) plating thickness; ¢) sample hardness;
d) aluminum busbar plating; e) contact force (plated aluminum busbar); f) contact force (bare aluminum busbar)

Table 3. ANOVA results

Potential influencing factors Analyzed groups’ IDs F P values .
Type of copper busbar plating 1,2 1.84 1.86 x 107! 4.19
Thickness of copper busbar plating 1,3 2.67 1.13 x 10! 4.19
Sample hardness 1,4 8.27 8.78 x 107 4.19
Aluminum busbar plating 1,5 14.3 1.17 x 1073 4.35
Contact force (nickel-plated aluminum groups) 6 5.78 7.06 x 1073 3.23
Contact force (bare aluminum groups) 7 8.58 9.98 x 10 3.28

These findings demonstrate that aluminum bus-
bar plating, contact force, and sample hardness are all
significant factors affecting the contact resistance of
copper—aluminum electrical connectors. Furthermore,
based on the relative magnitudes of the F-values and
P-values, aluminum busbar plating is identified as the
most influential factor on contact resistance. Conse-
quently, subsequent dynamic tests focused on evaluat-
ing and comparing the electrical connection reliability
of copper—nickel-plated aluminum groups versus cop-
per—bare aluminum groups.

3.2. Dynamic behavior of contact resistance

Figure 2 presents the results of the dynamic tests. For
the electrical connection interface composed of a bare

aluminum busbar and a copper busbar, the repeat tests
showed that the contact resistance curves exhibited sig-
nificant variability over time. While the overall macro-
scopic trend was roughly similar, the specific resistance
values displayed considerable dispersion. As shown
in Fig. 2a, the contact resistance of the bare aluminum
busbar assemblies increased markedly during the dy-
namic testing and gradually stabilized over time. The
electrical performance of the contact interface deteri-
orates under current load, indicating weak conductive
stability. Regarding the temperature rise characteristics
(Fig. 2b), the sample temperature increased significantly
with the increasing current. Under a 100 A current, the
temperature remained within the safe range; however, at
200 A and 300 A, the temperature rose rapidly and ex-
ceeded 80°C, reaching the specified threshold and pos-
ing an overheating risk when operating in a battery pack.
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Fig. 2. Dynamic test results: a) contact resistance variation of the bare aluminum busbar assembly; b) surface temperature
variation of the bare aluminum busbar assembly; ¢) contact resistance variation of the nickel-plated aluminum busbar assembly;
d) surface temperature variation of the nickel-plated aluminum busbar assembly

In contrast, as shown in Fig. 2c, the contact resis-
tance of the nickel-plated aluminum busbar assemblies
remained stable throughout the entire testing, and no
significant resistance degradation was observed de-
spite the increasing current or prolonged energization
time. In terms of temperature rise (Fig. 2d), the sample
temperature increased with the current, yet remained
within the safe operating range under 100 A and
200 A. At 300 A, the temperature reached the desig-
nated safety threshold. Taken together, these results
indicate that bare aluminum busbar groups exhibit
poor electrothermal stability and reliability under con-
tinuous current load. Nickel plating of the aluminum
busbar effectively maintained the stability of the con-
tact interface. Nevertheless, changes in contact resis-
tance alone cannot serve as the sole criterion for long-
term electrical connection performance. Limiting the
operating current and improving heat dissipation are
also critical measures for enhancing the reliability of
electrical connections.

4. Mechanism of
contact resistance evolution

4.1. Changes in surface microstructure
and surface chemical composition

Based on the observation images and the corresponding
surface roughness measuremengts of the sample surfac-
es before and after dynamic testing (Fig. 3 and 4), the
morphologies of the aluminum busbars exhibited only
minor changes. In contrast, the copper busbars showed
evident contact marks after testing: the overall height of
the surface microstructure decreased significantly and
the surface roughness of the copper busbars decreased
substantially, with a reduction of approximately 70%.
These results indicated that morphological evolution of
the contact interface primarily occurred on the copper
busbars. This asymmetric surface evolution is attribut-
ed to the hardness difference between aluminum and
tin. Under the applied contact force, deformation main-
ly occurred on the softer tin-plated copper surface.

2026, vol. 26, no. 2
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Fig. 3. Surface morphology observations of samples: a, ¢) surface height distribution of the copper busbar before dynamic
testing; b, f) surface height distribution of the copper busbar after dynamic testing; c, g) surface height distribution of the
aluminum busbar before dynamic testing; d, h) surface height distribution of the aluminum busbar after dynamic testing

7.82 Before Dynamic Testing The relative elemental composition of the sample
After Dynamic Testing surfaces measured by X-ray photoelectron spectrosco-
py (XPS) is presented in Figs. 5a and 5b. The primary el-
ements on the tin-plated copper busbar surface were C, O,
and Sn, with only minor changes in the relative concen-
trations before and after the dynamic testing, indicating
overall stability. In contrast, the elemental composition
of the aluminum busbar surface underwent significant
changes during the dynamic testing: C, O, and Al re-
mained the dominant elements, but the relative content
of C decreased notably from 77.4% to 63.4%, while the
relative contents of O and Al increased markedly from
19.4% to 30.5% and from 3.2% to 6.1%, respectively.
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Fig. 5. XPS test results: a, b) elemental composition changes on aluminum and copper busbar surfaces before and after dynamic
testing; c, d) high-resolution XPS fitting results of oxygen on the aluminum busbar surface before and after dynamic testing;
e, f) high-resolution XPS fitting results of aluminum on the aluminum busbar surface before and after dynamic testing
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Further analysis of the high-resolution XPS
spectra of Al and O on the aluminum surface
(Fig. 5c—5e) indicated that aluminum on the surface
primarily existed in oxidized states, suggesting the
formation of a relatively stable oxide layer. Under
dynamic testing conditions, the evolution of the
surface chemistry at the contact interface mainly
occurred on the aluminum busbar, manifested as an
increase in surface oxidation. Meanwhile, the reduc-
tion in carbon content may be associated with local-
ized electro-thermal coupling during testing, which
caused thermal decomposition or volatilization of
organic contaminants originally adsorbed on the alu-
minum surface, thereby exposing more underlying
aluminum and its oxides.

4.2. Verification of the dominant mechanism
in contact resistance evolution

A set of cross-comparison experiments was designed
and carried out to verify that the surface composition
changes in the aluminum busbars is the primary fac-
tor driving changes in contact resistance in copper—

aluminum electrical connectors. Specifically, the alu-
minum busbars from the two dynamically tested
assemblies (copper busbar—nickel-plated aluminum
busbar, and copper busbar—bare aluminum busbar)
were interchanged, and dynamic testing was per-
formed to compare the trends in electrical contact
performance under an identical copper or aluminum
busbar.

As shown in Figure 6, when using the same bare
or nickel-plated aluminum busbar, the contact resis-
tance and temperature rise curves exhibited very sim-
ilar trends and comparable stabilized values through-
out the testing, even when paired with different copper
busbars. This indicates that the surface condition of
the aluminum busbar has a decisive influence on the
electrical contact behavior at the interface. Converse-
ly, when the copper busbar was kept the same but the
aluminum busbar differed, the contact resistance and
temperature rise curves showed significant differences.
This comparison directly demonstrates that changes in
the copper busbar surface morphology are not the pri-
mary cause of variations in contact resistance; rather,
the variations are rooted in differences in the surface
condition of the aluminum busbar.

a) b)
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Fig. 6. Cross-comparison experimental results: a) dynamic test results under the same nickel-plated aluminum busbar;
b) dynamic test results under the same bare aluminum busbar; ¢) dynamic test results under the same copper busbar
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4.3. Equivalent conductive area analysis
based on Holm’s contact theory

While the electrical connectors are in contact, the actual
conductive contact area is often much smaller than the
nominal or theoretical contact area (Aronstein, 2004;
Oberst, 2021). The actual contact area can be estimated
indirectly from the measured contact resistance. Ac-
cording to Holm’s electrical contact theory, the contact
resistance can be expressed as:

o

R=R +R =P P2, O
na

(1)

4a
where: R — contact resistance; R — constriction resis-
tance; R — film resistance; p,, p, — resistivities of the con-

tacting materials; and @ — radius of the conductive spot.

To estimate the size of the actual conductive con-
tact region, the real contact area is considered as a large
composite circular region composed of several discrete
small contact spots. Since electricity is generally con-
ducted in conjunction with the rupture of non-conduc-
tive films, the radius of the hypothetical composite
conductive region, a, can be calculated as (Braunovic,
2003; Oberst et al., 2018):

a= P+ Py 2)
4R

By taking p, = p,, = 2.82 x 10°Q - m and
p, = pg, = 1.09 x 107 Q-m,, the radius a can be deter-
mined. The actual contact area can then be estimated
using the area formula for a circle. The calculated re-
sults are presented in Tab. 4.

The results confirm that in copper—bare aluminum
connectors under current flow, the actual conductive
area is very small. Moreover, the conductive area 4,
decreased noticeably before and after dynamic testing,
indicating that electrical conduction was primarily car-

ried by a limited number of micro-protrusion contact
spots. The current paths at the interface were highly
localized, and the constriction resistance was highly
sensitive to the characteristic dimensions of these con-
tact spots. Consequently, the formation or destruction
of' even a few microcontacts can lead to significant fluc-
tuations in contact resistance.

4.4. Mechanism of
contact resistance dynamic evolution

In summary, based on a multidimensional analysis of
sample surface morphology changes, interfacial com-
positional changes, and variations in actual contact
area, combined with the results of cross-comparison
experiments, the dynamic evolution mechanism of
contact resistance in copper—bare aluminum electrical
connectors under dynamic testing conditions is illus-
trated in Figure 7. Without surface treatment, the nat-
urally formed aluminum oxide layer on the aluminum
busbar surface exhibits high insulation and stability.
Under the applied contact force, only a very limited
number of effective metal contact spots are formed in
local high-pressure regions during initial assembly, and
these restricted conductive pathways constitute the ini-
tial low contact resistance state.

During dynamic testing, under the coupled ef-
fects of current, temperature, and contact pressure, the
contact interface undergoes a series of changes. On
the one hand, the softer tin-plated layer on the copper
busbar undergoes significant plastic deformation, re-
sulting in a substantial decrease in surface roughness.
On the other hand, high current and the increase in
temperature significantly accelerate further oxidation
of the aluminum busbar surface, with newly formed
aluminum oxide rapidly covering and electrically iso-
lating the previously established metal contact spots.

Table 4. Estimated contact area results

1D A, [mm?] A, [mm?] A, [mm?] A A, [%] A A [%]
1 8.701 0.00631 455.51 1.910 0.00138
2 12.407 0.00691 455.51 2.724 0.00152
3 11.208 0.00699 455.51 2.461 0.00153
4 12.336 0.00787 455.51 2.708 0.00173
5 0.864 0.00622 455.51 0.189 0.00137
6 0.311 0.00889 455.51 0.068 0.00195
7 0.843 0.00590 455.51 0.185 0.00129
8 2.184 0.00624 455.51 0.479 0.00137
9 2.631 0.00585 455.51 0.577 0.00129
10 1.509 0.00694 455.51 0.331 0.00152

Notes: 4 , — real contact area before dynamic testing; 4 , — real contact area after dynamic testing; 4, — nominal contact area
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Fig. 7. Evolutionary process of the contact area

Although morphological changes on the copper
busbar tend to increase the contact area, the continu-
ous growth and coverage of the aluminum oxide lay-
er dominate the electrical behavior of the interface,
leading to a progressive reduction or even blockage
of effective conductive pathways. As a result, the
contact resistance exhibits an “initially low — rap-
id increase — gradual stabilization” trend. The final
stabilized state corresponds to a dynamic equilibrium
between oxide growth and local breakdown (or par-
tial conduction).

This mechanism indicates that in copper—bare alu-
minum contact systems, the dynamic behavior of the
aluminum surface oxide layer is the key factor deter-
mining contact resistance stability. Without effective
suppression or modification of the oxide layer, the in-
terfacial electrical contact performance is unlikely to be
maintained over the long term.

5. Conclusion

This study systematically investigated the evolution of
contact resistance and the reliability of copper—alumi-
num electrical connectors in automotive lithium-ion
batteries. Static contact resistance measurements, dy-
namic current tests, and microscopic characterization
analyses were carried out to identify the key factors in-
fluencing contact resistance, reveal the dynamic evolu-
tion behavior under continuous current conditions, and
uncover the governing mechanisms based on analyses
of surface morphology, surface elemental composition,

and relevant theory. The main conclusions are summa-
rized as follows:

— The factors significantly affecting the contact resis-
tance of copper—aluminum electrical connectors are
aluminum busbar plating, contact force, and sample
hardness. Nickel plating of the aluminum busbar can
effectively reduce and stabilize contact resistance.

— The nickel-plated aluminum busbar assemblies main-
tain stable contact resistance under 100 A, 200 A, and
300 A conditions. In contrast, bare aluminum busbar
assemblies exhibit a pronounced increase in contact
resistance under all tested current conditions, with the
evolution characterized by an “initially low — rapid
increase — gradual stabilization” trend.

— After dynamic testing, the evolution of the contact
interface in copper—bare aluminum connectors ex-
hibits pronounced asymmetry. On the copper bus-
bar, the primary changes are plastic deformation
and planarization of the tin-plated layer, whereas
the aluminum busbar undergoes more substantial
oxide layer thickening and coverage. The com-
bined effects of both sides determine the interfa-
cial contact state, with the dynamic behavior of
the aluminum oxide layer playing a decisive role
in the observed increase in contact resistance.
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