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Under the trend of high density and miniaturization, the current that the connector transmits per unit volume is getting higher
and higher, which makes the reliability design of the connector more challenging. Under the pressure of high performance and
low cost requirements, the design has to be more accurate and more efficient. 'us, in the design process, a systematic approach
for reliability evaluation is required. However, there is no valid enough approach that is integrated, well-organized, and
quantitative. In this article, a systematic approach for the reliability evaluation of connector was proposed, and by applying it on a
typical object named a blade-spring connector, the validity of this approach was verified. After the framework of this approach has
been established, the methods and models needed were provided, including the method to build up material selection criterion
and the assessment models of stress relaxation, thermal diffusion, and sliding wear, respectively. 'en, the feasibility of a newly
developed copper alloy on the connector and the reliability behaviors of this connector were determined through this approach.
'e unsatisfactory aspects of reliability were pointed out and some possible redesign choices were provided. Results and dis-
cussion revealed that the proposed approach is a helpful tool for designing electric connectors, especially on the reliability design.

1. Introduction

Electric connector is a kind of electromechanical component
widely used in the fields of aerospace, vehicle, grid, and
consumer electronics, etc. 'e function of connector is
simple, which is offering an interface for current trans-
mission between two systems, but the reliability of the
connector is essential for the systems. Connector failure is
the main reason for system malfunction [1, 2], and some-
times the effect is devastating [3]. 'us, the reliability should
be built into the connector through appropriate design and
be adequately evaluated to ensure that reliable performance
has been realized. Under the pressure of lower cost and
higher performance, more efficient and more accurate de-
sign and evaluation are demanded, which means that the
potential of material and structure must be fully reached.

To realize this goal, we have to overcome two main
difficulties. On the one hand, many factors, like design
factors and degradation mechanisms, are interplayed and
influence the reliability of the connector. For instance, the

overheating of a flexible connector was caused by fretting,
stress relaxation, thermal expansion, and intermetallics [4].
'e failure of a bolt connector was the comprehensive result
of corrosion, fretting, and sliding wear [5]. One design
choice, which makes the reliability meet requirement under
the effect of some factors, might lead to the reliability be-
coming unsatisfied when other factors have been taken into
consideration. 'is can increase the number of redesigns or
overdesigns if multiple factors and their interplay are not
sufficiently recognized and handled by designers, which
leads to inefficient design. On the other hand, because there
are extensive applications of connectors, the material and
structure that the connector might adopt are various, and the
factors that influence the reliability of the connector are also
varied with specific applications. In recent years, electric
connection systems are becoming more and more complex;
the design and evaluation of connector reliability based on
the traditional trial and error way become unacceptable
gradually. For making the process more efficient with suf-
ficient accuracy to reduce the time to market, new
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conceptions, models, methods, and criterions extracted from
engineering practice to enhance the ability of design and
evaluation are desired.

During the past two decades, there have been a few
studies concerning the topics above, promoting the devel-
opment of design approaches and evaluation of connector
performance. Fok et al. proposed a case-based design system
prototype for the conceptual design of connector [6]. De-
signers can obtain design alternatives from past cases as the
starting point for further evaluation or design modification.
'is system contains no physical factors related to the
performance of connector, such as material, structure, or
degradation mechanism. 'us, it cannot help designers
analyze the performance, although it is a very friendly tool to
increase efficiency. Buggy et al. established a knowledge-
based material database of connectors [7], which enables
designers to select the material rapidly. It makes design start
with the objective determination of exact function instead of
past designs, which improves the utilization of material
potential and, therefore, design efficiency.'e most valuable
opinion of this study is highlighting the importance of
material on the performance of connector. 'e material
almost influences all the mechanisms that affect connector
reliability. Just like Fok et al.[6], Buggy et al. did not analyze
the physical factors related to the connector performance.
Only the philosophy for establishing the database was given,
but the detailed methods and procedures to build it were not
provided, making it challenging for designers to extend this
approach to other applications.

In general, the above approaches are both empirical and
cannot offer sufficient knowledge on the physical relation-
ships between the influence factors and the performance of
the connector. Blauth et al.proposed an analytical method to
optimize the number of contact springs for the design of
connector [8]. Due to the inclusion of main structure pa-
rameters, designers can use this method to evaluate the effect
of parameter variation on the performance of the connector
and extend it to various applications. However, the per-
formance degradation of the connector was not considered,
whichmeans that the method can only be adopted to analyze
the reliability of the connector at the initial stage of
operation.

During the whole design process, the analysis of reli-
ability is very important and necessary. Early, Mroczkowski
has been aware that [9] and stated that designers should
relate the performance parameters of connector to degra-
dation mechanisms to assist the design and evaluation of
reliability. According to the detailed discussion on the usage
of a comprehensive degradation model, Mroczkowski
exhibited the advantages and potential of the physics of
failure (POF) method compared with the traditional sta-
tistics-based method for fast and accurate reliability design
and evaluation. However, this model is qualitative and does
not provide the relationships between some other important
factors, such as material and structure, and the reliability of
connector, thus leaving a large room for improvement of the
systematism and availability of this method.

Besides POF, computer simulation is another powerful
tool for analyzing the performance of connector to accelerate

design and evaluation and improve accuracy. Jörgens et al.
investigated the mechanical behavior of insulation dis-
placement connector based on the finite element method
(FEM) [10]. 'e accurate prediction of connector perfor-
mance was realized. 'e authors highlighted the availability
and convenience of FEM on the performance analysis of
connector. Not only FEM but also computational fluid
dynamics was used by McGowan [11] to achieve more
accurate evaluation results of the thermal performance of
connector. 'e simulation results were further used to
improve test methods. 'is research was an early one that
integrates multiple methods to form an approach for the
reliability evaluation of connector, which has shown the
tendency of the approach for connector performance
analysis to integration and systematism.

Neither the approach in [10], nor that in [11], was used to
evaluate connector performance in the phase of reliability
design. 'us, the authors did not sufficiently reach the
potential of simulation methods on the reliability analysis of
connector. Instead, Liao et al. built a connector durability
evaluation model based on the damage model [12], the
parameter values of which were determined by FEM. 'is
study combined POF and FEM to form a fast and accurate
approach for the reliability evaluation of connector, which
further improved the level of integration. However, this
approach only applies to the situation where fatigue is the
main failure mechanism of the connector and does not
include the effects of material, structure, and other potential
degradation mechanisms on the connector reliability. Fur-
ther, Feng et al. proposed a technical framework based on
POF and FEM [13], according to which the quantitative
relationship between the lifetime of the connector and the
parameters of material, structure, and environment can be
built for the evaluation of the ultimate vibration load the
connector can endure, to improve reliability design. 'e
authors sophisticatedly took advantage of the superiority of
POF and FEM on the reliability analysis of connector, and
thus, a more systematic approach has been established.
Regrettably, this approach does not consider the effect of
multiple degradation mechanisms on the reliability, making
it only apply to the situation where the fretting of connector
happens because of vibration.

Recently, a systematic approach for the reliability design
of connectors was proposed by Zhu et al.[14]. 'is approach
is based on the systematic analysis of the performance of
connector under the influence of multiple design factors and
degradation mechanisms. It has a good level of integration
and it is helpful for designers to carry out a relatively
complete design. 'e fly in the ointment is that the authors
did not take into consideration the effect of material, which
is a key factor in the function and reliability of connector. In
addition, the interplay between different design factors and
degradation mechanisms was not included. 'is makes the
approach unordered, which might lead to unnecessary
redesigns.

It is obvious that the tendency of the analysis approach
for connector performance is systematic, integrated, and
quantitative, which is also the concern of our study. For the
further improvement of efficiency, the approach would
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better be well-organized. Here, a systematic approach for the
reliability evaluation of electric connector is proposed to
help designers analyze connector performance and optimize
connector reliability. 'e advantages of our approach are
outlined as follows:

(1) It applies to the whole design process of the con-
nector, including the function design phase and
reliability design phase, which has a higher level of
systematism and integration than the previous
approaches.

(2) Multiple design factors and degradationmechanisms
and their interplay have been taken into consider-
ation. 'e framework is well-organized to provide
order steps for evaluating connector performance,
which has not been considered by the previous
approaches.

(3) Based on POF and FEM, the quantitative methods
and models of all the steps are provided. Especially, a
novel method to build up the material selection
criterion of the connector and a novel quantitative
thermal diffusion evaluation model are proposed,
which can fast analyze the performance of the
connector during the design process.

A case was given to show the validity and superiority of
this approach. 'is approach can help designers find ref-
erences from the start point of a design process to the end to
prevent them from consuming plenty of time for searching
needed methods at different design phases. Because the
interplay between influence factors and the probable con-
flicts between the design choices of different steps has been
sufficiently considered, the reliability evaluation results
obtained based on the well-organized steps can provide the
guide for design modification and avoid unnecessary re-
designs as much as possible. Further, POF and FEM were
flexibly adopted, which supports the framework of this
approach in being easily modified to match other applica-
tions without accuracy loss.

'e remainder of this article is organized as follows. In
Section 2, the approach framework is presented. In Section 3,
the analysis object is introduced and the needed methods and
models are built. In Section 4, evaluation results are presented.
In Section 5, the results are discussed. In Section 6, this work is
concluded.

2. Framework

'e design procedure of the connector consists of two
phases. 'e first phase is function design, during which
structure is dimensioned and materials are chosen, based on
their feasibility on the function realization of the connector.
'en, the second phase is the reliability design phase. 'e
ability of connectors to perform a specific function within a
specific time and in a specific environment has to be ensured.
If this ability does not meet the requirement, design im-
provement should be carried out, such as the redesign of
structure [15], the replacement of material [16], or the
adoption of certain process technique [17]. Without

evaluation in the reliability design phase, the failure of the
connector might happen ahead of schedule. During running,
the performance of the connector will degrade under the
effects of various mechanisms, which means that the indi-
cator of performance, e.g., contact resistance, contact force,
or temperature rise, might reach the extreme value that the
system can endure before the expected lifespan.

Further, the two phases can be divided into many steps.
No matter in what step, the current performance of the
connector should be quantitatively assessed to ensure that
the current design choices are adequate. 'e assessment
order on the factors that influence the design choices should
be well-organized to avoid making the design choices of a
step conflicting with those of other steps. For instance, the
contact performance has been redesigned, e.g., replacing
surface material after a step.'en, suppose that the next step
points out that the substrate material of the connector has to
be replaced. 'is replacement might change the contact
performance and then make the previous redesign invalid.

Here, an integrated and well-organized framework used
in the design process for evaluating the reliability of the
connector is proposed, as shown in Figure 1.

'is framework is divided into three modules. In the first
module, a preliminary structure of the connector is di-
mensioned based on space, sheet material, and termination
mode. 'en, the materials for function realization are de-
termined on this structure. At this step, the material se-
lection criterion, which lies in electrothermal, contact, and
structure analysis, is required. In some situations, the ability
of material has not been sufficiently played. 'us, structure
optimization should be done to improve the performance of
the connector tomake the potential of material and structure
fully reached.

In the second module, the degradation of the connector
is evaluated. From the material point of view, there are two
groups of mechanisms that influence the degradation of the
connector. One group affects substrate material and another
affects surface material. Because substrate degradation
usually makes surface degradation worse [5, 18] and the
opposite condition hardly happens, the assessment of the
substrate degradation should be carried out first. 'e surface
of the substrate is commonly plated or coated with thin
metal films, such as gold [19], silver [20], or tin [21], to
protect contacts from degrading so fast. However, some-
times, the film is not well compatible with the substrate and
some negative effects will happen, such as thermal expansion
[22], diffusion [23], and intermetallics [24]. 'us, the val-
idity of surface prevention should be evaluated to ensure that
the benefits which the film offers are more than the side
effects. After the surface prevention has been determined as
valid, the endurance of surface material should be assessed.
If either the prevention validity or the endurance validity is
not up to requirements, design improvement should be
carried out.

In the third module, the anti-overcurrent ability of the
connector is assessed. 'is is because, after the design of
structure, the selection of material, the degradation evalu-
ation, and the finish of corresponding design improvements,
the connector is in a relatively perfect state. In the testing of
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connector, overcurrent testing is generally considered as the
gold standard of the performance of the connector, and in
practice, overcurrent does happen [25]. 'e assessment
results of this ability can be references for testing or further
design improvement.

3. Methodology

3.1. Analysis Object. A newly developed copper alloy named
Cu-20Zn-1.5Ni-0.34Si [26] was requested to replace the
substrate material of a spring-blade connector. 'is con-
nector consists of a blade and four springs, as shown in
Figure 2. After the two parts are mated by insertion, current
can be transmitted from one termination across contacts to
another termination. 'e surfaces of all contacts are plated
with gold with a thickness of 1 μm. A nickel underplate with
a thickness of 2 μm between the substrate and the gold finish
is adopted by every spring contact surface. 'e specified
function of this connector is transmitting the rated current
of 70 A without making the maximum bulk temperature of
the connector exceed 125°C under the environment tem-
perature of 20°C. 'e specified lifetime of the connector is 5
years.

Whether this new alloy can be adopted depends firstly on
whether it can realize the function. 'us, a criterion for
analyzing the feasibility of material is needed. After the
function has been realized, the reliability of the connector
should be evaluated. For this kind of structure, the contact
force between every pair of spring and blade will continu-
ously decrease because of stress relaxation [27]. 'e re-
duction of the contact force makes contact resistance
become higher and the generation of Joule heat becomes
more. For a gold-copper system, the effect of thermal dif-
fusion should be considered because it will increase the
contact resistance [28]. For this connector, the surface of the
blade is a gold-copper system. 'e connector is requested to
be quarterly separated for the regular inspection of the
mother system. 'us, sliding periodically occurs, which
leads to wear on the contact surfaces. Although the times of

sliding are few, the wear endurance of the gold finish should
be assessed because the contact force of this connector is
relatively high.

3.2. Material Selection Criterion. Resumptively, the material
selection criterion can be summarized that for a material
with certain conductivity, the mechanical strength of this
material must be high enough to provide the required
contact force to get a sufficiently low contact resistance to
make the maximum bulk temperature of the connector meet
specification.

Different materials with different values of conductivity
lead to different values of temperature under the same rated
current and the same heat dissipation environment, sup-
posed that there is no contact resistance. After the heat
generation of the contact resistance has been considered, the
temperature becomes higher. 'ere is a specified upper
limitation of the temperature and thus, a value exists that the
contact resistance should be lower than it. 'is value varies
with the material of the substrate and it can be analyzed by
electrothermal FEM. In addition, the contact voltage drop
between two contact surfaces would better be lower than
20mV [29] to avoid contact supertemperature being much
high to soften the contacts. Because the current that flows
through every pair of contacts is 17.5 A, the contact resis-
tance of every contact must be lower than 1.142mΩ.

When the substrate materials of two contact parts are the
same, the contact resistance Rc can be calculated by the
following formula [30]:

Rc �
ρs

2

����

ξπH

F



, (1)

where ρs, ξ, H, and F is substrate material resistivity, an
empirical coefficient, surface hardness, and contact force,
respectively.

Contact surface material is gold, and thus, H and ξ are
constant. For a given substrate material, the maximum
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Initial design
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Substrate material

Surface material

lifetime & reliability
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Degradation evaluation models

Transient thermal analysis

Structure dimension
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Figure 1: 'e framework of the reliability evaluation approach.
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allowable contact resistance decides the minimum contact
force that a spring has to provide. For the connector shown
in Figure 2, the spring is an irregular beam, the restoring
force of which equals contact force. 'ere is no existing
model for describing the relationship between the restoring
force of this beam and its maximum stress. 'is relationship
can be analyzed by static structure FEM. Based on that, the
yield strength that the material of the spring should have can
be determined.

To sum up, for a connector that its structure dimension
has been known, a relationship between conductivity and
strength about the substrate material of this connector can
be established based on an analysis sequence shown in
Figure 3. After this relationship has been determined, the
feasibility of any alternative material on function realization
can be analyzed.

3.3. Stress Relaxation Evaluation Model. After the optimi-
zation of the structure has been finished, the initial restoring
force of every spring can be determined. According to the
maximum allowable contact resistance, the minimum al-
lowable contact force can be determined. 'en, the maxi-
mum allowable relaxation percentage Dup can be
determined. According to the Arrhenius equation, the effect
of metal relaxation on the contact force can be expressed by
the following formula [31]:

D � t
k
e

A −
B

T
  , (2)

where D is the number of relaxation percentage, t is time, k,
A, and B are material-related coefficients, and T is absolute
temperature.

For a given material, the values of k, A, and B can be
found in the established material database or be mea-
sured by experiments [32]. After the connector has been
put into use, it has an initial maximum temperature

noted as Ti. 'e maximum allowable temperature is
noted as Tm, which is higher than Ti. It is inappropriate to
take Ti or Tm into Equation (2) because adopting Ti will
underestimate and adopting Tm will overestimate the
value of D. A more accurate method is calculating the
mean value of Ti and Tm to take this value into Equation
(2). 'e specified life of the connector is noted as td. 'e
values of k, A, B, td and the mean value of Ti and Tm are
taken into Equation (2) to determine D. If D ≤Dup, the
reliability of the connector under stress relaxation meets
the requirement.

3.4. 3ermal Diffusion Evaluation Model. 'e growth ki-
netics of oxidation film on copper in clean air follows the
relationship as shown in the following formula [33]:

d � Kt

1
n,

(3)

where d is film thickness, n is a function of temperature, and
K is a function of material and temperature, respectively.
Because oxidation is a process obviously thermally activated,
K can be expressed by the Arrhenius equation [34]. 'us,
Equation (3) can be rewritten as follows:

d � e
−

QO

RTt

1
n

, (4)

where Qo is the activation energy of oxidation and R is the
gas constant (8.314 J·mol−1 K−1).

When the copper surface is plated or coated with gold,
oxidation cannot directly happen on the copper. Copper
atoms have to diffuse through the gold to the surface first
and then react with the environment. In this situation, the
concentration of the copper atoms in gold, noted as CCu,
influences reaction rate. Under the mechanism of diffusion-
oxidation, the growth kinetics of oxidation film can be re-
written as follows:

Spring (female)

Blade (male)

Termination

Termination

Figure 2: Analysis object: a spring-blade connector.

Journal of Electrical and Computer Engineering 5



d � f CCu( e
− QTD/RT( )t

1/n , (5)

where f(CCu) is a function of CCu and QTD is the activation
energy of the diffusion-oxidation.

Over the temperature range of 50°C–150°C, the growth
of oxidation film follows parabolic kinetics [35], i.e., n� 2.
'e relationships between d and CCu at 150°C under various
times and the fact that QTD is about 1.54 eV (148587 J/mol)
below 150°C have been given by [35]. Based on the con-
clusions, Equation (5) can be fitted as follows:

d � αC
(βT−c)

Cu e
− QTD/RT( )t

1/n
, (6)

where α� 2.2×1019 Å/h0.5, β� 0.038K−1, and c � 14,
respectively.

'e relationships between d and t at 125°C and 150°C
under different CCu (at.%) were calculated by Equation (6),
and the corresponding values calculated based on the ex-
periments were extracted [35]. 'e results are plotted in
Figure 4, which shows that the model built here can ef-
fectively describe the growth of oxidation film.

In Equation (6), CCu is a constant. However, in practice,
CCu is varying with time in the gold-copper system of the
connector.'us, Equation (6) has to bemodified.'ere is no
copper in gold initially and as time goes on, CCu gradually

increases. 'e interdiffusion mode between copper and gold
is Gaussian, and there is [36]:

C(x, t) �
1
2

erfc
x

2
����
DTt

  , (7)

where x is the distance from a point in the gold film to the
interface of copper and gold, C(x, t) is the concentration
(at.%) of copper at this point at the time of t, erfc is the
complementary error function, and DT is diffusion coeffi-
cient, respectively.

'e diffusion coefficient DT can be calculated by the
following [36]:

DT � D0e
−

QD

RT
, (8)

where D0 is the frequency factor and QD is the activation
energy of the diffusion.

For a gold film with the thickness of h, the average
concentrate of copper at the time of t is noted as Ca(t).
According to the mean value theorems for definite integrals,
Ca(t) can be calculated by the following:

Ca(t) �
1
h


h

0
C(x, t)dx. (9)
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without contact resistance
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 Minimum allowable
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 Minimum allowable
contact resistance

Build up conductivity-strength relationship
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Figure 3: 'e analysis sequence for establishing the material selection criterion.
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Furthermore, Equation (6) can be transformed into the
following form:

S �
d

αe− QTD/RT
 

n

� C
(βT−c)

Cu 
n

· t

1
n⎛⎜⎜⎜⎝ ⎞⎟⎟⎟⎠

n

� V · ts
, (10)

where S can be seen as a generalized distance, V can be seen
as a generalized rate, and ts can be seen as a generalized time,
respectively.

In the situation expressed by Equation (6), the growth of
d can be seen as a motion with a uniform rate. In the sit-
uation expressed by Equation (10), the growth of d can be

seen as a motion with an accelerated rate. 'us, d can be
calculated by definite integral once the relationship between
V and ts has been known. 'is relationship can be fitted
based on calculating the values of Ca(t) under various times.

A pair of contact is not insulating totally if the oxidation
film on the contact surface is not too thick. Current can be
conducted across the film through tunnel effect. Tunnel
resistivity ρt can be calculated by the following formula [37]:

ρt �
10−22

2
·

A
2
t

1 + AtBt

e
AtBt Ωcm

2
, (11)

where At and Bt can be calculated by the following [37]:
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Figure 4: 'e relationships between d and t. (a) Ccu � 0.26, T�125°C; (b) Ccu � 0.57, T�125°C; (c) Ccu � 0.26, T�150°C; (d) Ccu � 0.43,
T�150°C.
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At � 7.32 × 105 × d −
7.2
Φ

 ,

Bt � 1.265 × 10− 6
×

�������

Φ −
10
dεr

,



⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(12)

where Φ is the work function and εr is relative permittivity.
For a givenmaterial,Φ and εr are known constants. After

d has been determined, ρt can be obtained. 'en, the total
contact resistance of this contact pair can be calculated by
the following [37]:

Rc �
ρs

2

����

ξπH

F



+
ρtξH

F
. (13)

Under a certain temperature condition, Rc at any time
can be obtained by taking all the known parameters into
Equation (7) to Equation (13). 'en, whether the reliability
of the connector under the mechanism of thermal diffusion
meets requirement can be judged.

3.5. SlidingWearEvaluationModel. Gold contacts are worn
mainly by an adhesive process, the detailed mechanism of
which is called prow formation [38]. In this process, metal
transfers from the part with a larger surface, i.e., the blade
surface, to the smaller surface, i.e., the spring surface.
Repeating sliding increases the hardness of the blade
surfaces by work hardening. Once the hardness of the
blade surfaces has reached that of the prows, the spring
surfaces begin to wear, and the wear mechanism transfers
to rider wear [39]. For the consideration of safety, the
wear mechanism should not transfer from the prow
formation to the rider wear within specified sliding cycles.
'is is because once the spring surfaces have begun to
wear, material loss along the normal direction is very fast
due to the very small area which takes part in the wear
process.

An equation exists that can describe the required sliding
times for the transition of wear mechanism from the prow
formation to the rider wear in the following form [39]:

Ns � ks

L

F
, (14)

where Ns is the sliding times for this transition, ks is a
material-correlated parameter, and L is the track length of
one sliding, respectively.

'e spring surfaces do not wear in the prow formation
process, but the blade surfaces wear. 'us, the thickness of
gold gradually decreases. Before the gold has been worn out,
contact resistance will not increase, and thus, the wear will
not increase the temperature of the connector. Once the gold
has been worn out, copper will be exposed to the envi-
ronment. 'is is dangerous because copper can be easily
oxidated or corroded.'us, the gold film of the blade should
not be worn out within the specified lifetime. 'e wear of
one surface of the blade can be described by the Archard
mode:

W � kw

FLw

H
, (15)

where W is total wear volume, kw is the coefficient of wear,
and Lw is total sliding distance, respectively. 'e width of
wear track ww can be calculated by the following [30]:

ww � 2αc � 2

����
F

πξH



, (16)

where αc is the radius of a contact point.
According to Equations 15 and 16, the wear depth hw of

every sliding cycle (one insertion and one withdrawal, which
means two times of sliding) can be expressed by the
following:

hw � kw

����

ξπF

H



. (17)

To make sure of the endurance of contact surface, two
requirements have to be satisfied. Firstly, Ns should not be
lower than the specified sliding lifetime, which means that
Ns≥ 40 (5 years, 4 cycles per year, and 2 times per cycle).
Secondly, h should not be lower than the total wear depth,
which means that h≥ 20hw.

4. Evaluation Results

4.1. Evaluation of Material and Structure. Firstly, the ma-
terial selection criterion of the connector was developed
based on the analysis sequence shown in Figure 3. Finite
element (FE) analysis was carried out on the platform of
Ansys Workbench 18.2. According to symmetry, 1/4 model
for the FE analysis was built, as shown in Figure 5.'e length
of the cable is 897mm, which is not shown. 'is length is
long enough to take the effect of thermal conduction on the
connector into consideration. Copper wire radius is 2.25mm
and the insulating layer thickness is 0.75mm. 'e thickness
of the blade and the spring is 0.5mm. 'e material pa-
rameters of the cable are listed in Table 1.

'e investigated electric conductivity range of copper
alloy substrate was 15%-40% IACS. Initially, the values of
15%, 20%, 25%, 30%, 35%, and 40% IACS were selected for
analysis, respectively. Under every analysis round, the
temperature coefficient of resistance σ and the thermal
conductivity λ of the substrate were not known, which were
the needed parameters by electrothermal FE analysis. Before
the analysis, the relationship between λ and σ and that
between ct and σ had been fitted according to the database
(Table 24.9 and 24.10) provided by [40]. 'e relationships
can be expressed as follows:

λ � 3.63σ + 25, (18)

ct � 0.0347σ + 0.3, (19)

where the unit of ct is 10
−3 K−1 and that of λ is W∙m−1 K−1.

'e fitted curve of λ vs. σ and that of ct vs. σ are shown in
Figure 6, which is enough for the rough estimation of λ
and ct.
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Natural convection was considered. 'e coefficient of
natural convective hc equals the following:

hc �
λaNc

Lc

, (20)

where λa is the thermal conductivity of air, Nc is the Nusselt
number, and Lc is characteristic length, respectively. 'e
cable is a horizontal cylinder and its Nc equals the following
[43]:
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Figure 5: 'e 1/4 geometrical FE model of the connector.

Table 1: 'e material parameters of the cable [40–42].

Part Material Resistivity at
20°C (Ωm)

Temperature coefficient
of resistance (K−1)

'ermal conductivity
[W∙m−1 K−1] Specific heat [J∙kg−1 K−1] Density (g/cm3)

Copper wire OHFC 1.65E-8 4.3E-3 394 385 8.96
Insulating
layer XLPE 0.4 2000 at 20°C, 2600 at 75°C,

3600 at 100°C (linear) 0.91
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Figure 6: 'e relationship between λ and σ and that between ct and σ. (a) λ vs. σ. (b) ct vs. σ.
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Nc � 0.6 +
0.387R1/6

a

1 + 0.559/Pr( 
9/16

 
8/27

⎛⎜⎜⎝ ⎞⎟⎟⎠

2

, (21)

where Ra is the Rayleigh number and Pr is the Prandtl
number. During running, the connector is a vertical plane
and its Nc equals the following [44]:

Nc � 0.68 +
0.67R

1/4
a

1 + 0.492/Pr( 
9/16

 
4/9. (22)

Further, Ra can be written as the product of Gr (the
Grashof number) and Pr [45]. 'e value of Gr equals the
following [45]:

Gr � gβaρ
2
a Ts − T∞( 

L
3
c

μ2a
, (23)

where g is the gravity acceleration, βa is the thermal ex-
pansion coefficient of air, ρa is the density of air, Ts is surface
temperature, T∞ is environment temperature, and μa is the
dynamic viscosity of air, respectively. 'e value of Pr equals
the following [45]:

Pr �
caμa

λa

, (24)

where ca is the specific heat of air.
'e convective coefficient of the cable and the spring-

blade are noted as ha and hb, respectively. 'e difference
between Ts and T∞ is noted as ΔT. Based on Equation (20)
to Equation (24), the relationships between ha and ΔT and
that between hb and ΔTwere calculated. Results are shown in
Figure 7. 'e parameters of air are temperature-dependent.
At every value of ΔT, the temperature value of air is seen as
the average of Ts and T∞ [45], and then the parameters of air
can be determined.

Based on the FE model established above, the equilib-
rium temperature of the connector without Rc under every
value of σ was calculated. Under every condition, the
maximum temperature is on the spring, and with the in-
crease of the distance to the spring, the value of temperature
decreases. 'e minimum temperature is at the cable end,
which equals the self-heating temperature of the cable. 'e
values of the maximum bulk temperature on the spring and
the minimum temperature at the cable end are plotted in
Figure 8, showing that the value of the maximum bulk
temperature varies with the value of σ in an inverse pro-
portion form and that the value of the minimum temper-
ature keeps constant.

Taking the condition where σ is 15% IACS for example,
to exhibit the results, its bulk temperature contour is shown
in Figure 9. 'e value of the maximum bulk temperature is
124°C, which is a little lower than the maximum permissible
value, i.e., 125°C. Because in this condition, the value of ρs is
the highest and the value of λ is the lowest, there exists a
margin of Rc for every condition.

'en, the electrothermal FE analysis with Rc was carried
out for every condition. At this substep, thermal power was
loaded on the contact surface between the spring and the

blade to simulate the heat generation by the contact resis-
tance. Based on that, a value of the contact resistance for
every condition was found out manually, which makes the
maximum bulk temperature reach 125°C. 'e relationship
between this resistance value and the value of σ is plotted,
together with a constant value of 1.142mΩ determined by
the maximum allowable supertemperature of the contacts.
'e results are shown in Figure 10, where the black solid line
represents the relationship between the maximum allowable
contact resistance Rcm and σ. 'e results indicate that before
about 24% IACS, the value of Rcm is determined by the
maximum allowable bulk temperature, and when the value
of σ exceeds about 24% IACS, the value of Rcm is determined
by the maximum allowable supertemperature of the
contacts.

'e further substep is to calculate the minimum al-
lowable contact force Fm through contact analysis by
Equation (1) under every condition. 'e known constant
parameters, including that ξ � 0.2 [46],H� 450N/mm2 [40],
and the corresponding values of ρs and Rcm under every σ
were taken into Equation (1). 'e discrete results of Fm are
listed in Table 2.

It can be seen from Table 2 that when the value of σ
increases from 15% to 20% IACS, the value of Fm displays a
dramatic decrease.

Equation (1) is transformed to the following form:

Fm �
ξπHρ2s
4R

2
cm

�
Kcs

R
2
cmσ

2, (25)

where Kcs is the production of constants.
When the value of σ is between 15% and 20% IACS, Rcm

is determined by the maximum allowable bulk temperature.
In this section, it can be seen from Figure 8 that the
maximum bulk temperature decreases obviously with the
increase of σ. 'us, the margin left for the contact resistance
increases obviously with the increase of σ. As a result, the
increase of σ leads to a dramatic increase in the value of Fm
because of the two quadratic components in the denomi-
nator. After this section, the decrease rate of the maximum
bulk temperature becomes obviously smaller. With respect
to the margin of the contact resistance, it increases slower
and then becomes constant. 'us, the increase of Fm be-
comes obviously slower.

In order to obtain a more accurate relationship between
Fm and σ, more values of σ between 15% and 25% IACS were
supplemented, under which the corresponding values of Rcm
and Fm were calculated. 'e results are plotted in Figure 11
in the form of a natural logarithm.

'e final substep to establish the material selection
criterion of the connector is to find out the values of the
minimum allowable material strength under every condition
by structure stress analysis to build up the conductivity-
strength relationship. Because the spring cannot be sim-
plified as an ideal beam, the static structure FE analysis was
adopted to determine the relationship between the restoring
force and the maximum von Mises stress of the spring.

With respect to the FEmodel, the geometrical model was
the same as that shown in Figure 5, except that the cable was
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suppressed because it has no effect on the mechanical stress
of the connector. 'e value of Young’s modulus of the
copper substrate is 120GPa. 'e contact type between the
spring and the blade was set as frictional. Frictionless
support was set on all symmetry faces to prevent them from
deforming on the normal direction. 'e end faces of the two
terminations were fixed on the normal direction to avoid
rigid movement. 'e interference between the blade and the
spring was set as 0.1mm. 'e contact force F and the
maximum von Mises stress σm of the spring were calculated
by the FE model. 'e result of the stress distribution is
shown in Figure 12.'e maximum stress is at the root of the
spring, which is consistent with an ideal cantilever beam.

'e value of σm is 196MPa and meanwhile, the value of
F is 1.24N. 'e value of this maximum stress should not be
higher than the yield strength of the substrate material
because this connector needs to be mated and unmated for a

few cycles without causing the contact force loss. 'e spring
structure is a linear system as long as the yield strength has
not been exceeded. 'us, in elastic range, the relationship
between F and σm was determined as follows:

F � 6.327 × 10−3
× σm, (26)

where F is in N and σm is in MPa.
Under every value of σ, the corresponding minimum

allowable contact force Fm was substituted into Equation
(26) to determine the corresponding minimum allowable
material strength σmy. 'e relationship between σmy and σ
was obtained, which is shown in Figure 13, in the form of a
natural logarithm.

For a certain material, if its (lnσmy, σ) locates in the
shadow region shown in Figure 13, this material is feasible for
the connector. 'e material parameters of Cu-20Zn-1.5Ni-
0.34Si (CZNS) are listed in Table 3, where the temperature
coefficient of resistance, thermal conductivity, Young’s
modulus, and density are referenced to Cu-20Zn [40]. Be-
cause (lnσmy, σ) of CZNS locates in the shadow region, CZNS
can be adopted by this connector for function realization.

Secondly, the potential of CZNS for its use on this
connector was evaluated. From Figure 13, it can be seen that
the location of (lnσmy, σ) of CZNS is still away from the
relationship line between σmy and σ. It means that CZNS can
make the maximum bulk temperature of the connector
lower than 125°C.'e strength of CZNS can be fully reached
for improving the contact force to reduce the temperature,
which is realized by increasing the interference between the
blade and the spring.

'e safety coefficient is set as 1.2, and thus, the maxi-
mum permissible stress of CZNS is 718/ 1.2� 598MPa.
Based on Equation (26), the maximum contact force CZNS
can provide was determined as 3.72N. Based on Equation
(1), the corresponding value of Rc was determined as
0.354mΩ. By electrothermal FE analysis, the maximum bulk
temperature of this connector under 0.354mΩ was deter-
mined as 98.8°C, which is the initial temperature Ti.
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4.2. Evaluation of Degradation Behavior. Firstly, the deg-
radation of the connector under the mechanism of stress
relaxation was evaluated. Based on electrothermal FE
analysis, it was determined that the maximum bulk tem-
perature reaches 125°C when Rc � 1.284mΩ. Because
1.284mΩ> 1.142mΩ, Rcm was determined as 1.142mΩ. At

this value, the maximum bulk temperature is 121°C at which
the resistivity of CZNS is about 8.49E-8 Ωm. Based on
Equation (1), Fmwas determined as 0.39N.'us, the value of
Dup is 89.5. 'en, the values of k� 0.146, A� 6.1, and
B� 1238 of brass [31] and the values of td � 43800 h and
T� 383K (the mean value of 371.95K and 394.15K) were
taken into Equation (2) to get that D� 83.8. Because
83.8< 89.5, the reliability of the connector under stress
relaxation meets the requirement.

Secondly, the behavior under the mechanism of thermal
diffusion was evaluated. When the resistivity of CZNS is
8.49E-8Ωm, Rc equals 0.370mΩ.'e allowable increment of
Rc equals the difference between 1.142mΩ and 0.370mΩ,
i.e., 0.772mΩ. 'e values of Φ and εr in Equation (12) are
5 eV and 3 [37], respectively. 'e above parameters were
taken into Equation (11) to Equation (13) to determine that
the maximum allowable d is about 5.8 Å.
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Table 2: Discrete results of Fm under different values of σ.

σ (% IACS) Rcm (mΩ) Fm (N)
15 0.036 852
20 0.773 1.08
25 1.142 0.33
30 1.142 0.23
35 1.142 0.17
40 1.142 0.13
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Figure 11: 'e relationship between lnFm and σ.
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Based on Equation (7) to Equation (9), the relationship
between Ca (t) and t was calculated. 'e needed parameters
are listed in Table 4. Based on Equation (10) (n� 2), the
values of V under a series values of ts were calculated, and
the relationship between V and ts was fitted as shown in
Figure 14. 'is relationship can be expressed by the
following:

V � 8 × 10−5
× t

0.554
s . (27)

Equation (27) was taken into the following formula:

S � 
td

0
V dts, (28)

to determine that S � 840 h. According to Equation (10), it
was determined that d � 3.5 Å, which is lower than 5.8 Å.
'us, the reliability of the connector under thermal diffusion
meets the requirement.

'irdly, with respect to sliding wear, the known pa-
rameter values that ks � 17000 g/cm [39], F� 372 g, and
L� 0.4 cm were taken into Equation (14) to determine that
Ns is 18, which is far lower than 40. Design improvement has
to be carried out. Detail design methods are not in the scope
of this article but will be briefly discussed later. Suppose that
this design improvement has been finished to make Ns
higher than the specified value. 'en, the known values of
kw � 2.43E-4 [47], ξ � 0.2, F� 3.72N, and H� 450N/mm2

were taken into Equation (17) to get that hw � 0.0175 μm.
Because h (1 μm) is higher than 20hw (0.35 μm), the
thickness of gold is enough.

4.3. Evaluation of Anti-Overcurrent Ability. Firstly, a steady-
state electrothermal FE model was built, based on which the
values of voltage drop, noted as Vd1 - Vd5, across the five
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Table 3: 'e material parameters of CZNS [26, 40].

Parameter Value
Electric conductivity at 20°C [% IACS] 23.4
Temperature coefficient of resistance (K−1) 1.5E-3
'ermal conductivity [W∙m−1 K−1] 142
Yield strength (MPa) 718
Young’s modulus (GPa) 120
Specific heat [J∙kg−1 K−1] 385
Density (g/cm3) 8.67

Table 4: 'eparameters for calculating the relationship betweenCa (t)
and t [36].

Parameter Value
h (μm) 1
D0 (cm2/s) 2.9E-3
QD (eV) 1.21
R [J∙mol−1 K−1] 8.314
T (K) 383
t (h) 0–200000
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parts of the connector were calculated. 'ese five parts are
shown in Figure 15.

'e rated current is known constant, and thus, the heat
generation power, noted as P1 - P5, of these five parts can be
calculated. A steady-state thermal FEmodel was built, and P1
- P5 were loaded at these five parts, respectively. 'e steady-
state distribution of the connector bulk temperature was
obtained. Next, a transient thermal FE model was built,
whose initial state is the bulk temperature distribution of the
steady-state thermal FE model. In the transient thermal FE
model, the values of P1 - P5 at different levels of overcurrent
were loaded to calculate the transient responses of the bulk
temperature, respectively.

'ree groups of work conditions were analyzed.
Under every condition, the time for the maximum bulk
temperature to reach the specified upper limit, i.e., 140°C,
was read and noted as tv. In these three groups, Rc is one,
two, and three times the initial value of 0.354 mΩ, rep-
resenting the different degradation levels of the con-
nector. In each work condition, four values of current I,
which are 1.4, 1.6, 1.8, and 2.0 times of the rated current,
were considered. 'ey represent the different levels of the
overcurrent.

'e results of tv under all work conditions are listed in
Table 5, showing that the higher I or Rc, the shorter tv, and
that Rc has a significantly effect on the anti-overcurrent
ability of the connector.

'e relationships between ln tv and ln (Iv - IL) under the
three work conditions were fitted and plotted in Figure 16
where Iv is the overcurrent, and IL is the current at which the
maximum steady-state bulk temperature of the connector
reaches 140°C. No matter how much the value of Rc is, the
relationship between tv and Iv can be expressed by the
following:

tv �
e

q

Iv − IL( 
p, (29)

where p and q are constants related to material and Rc. 'e
values of p, q, and IL under the three work conditions are
listed in Table 6.

5. Discussion

'e reliability evaluation of the connector, that is, to adopt
CZNS as substrate material, has been completed, based on
the framework shown in Figure 1. 'e evaluation results are
useful for the design improvement of the connector. Al-
though a detailed design is beyond the scope of this article,
some meaningful discussion is presented as follows.

It has been pointed out that for this connector, design
improvement on the reliability under the mechanism of
sliding wear should be carried out because Ns is not high
enough. For increasing Ns, possible choices are increasing L,
increasing ks by lubrication, and decreasing F. Whether these
methods can be adopted depends not only on their effec-
tiveness but also on the effects which they have on the other
aspects of reliability. Increasing L decreases the bulk resis-
tance of the connector and thus decreases temperature. By
this method, stress relaxation and thermal diffusion can also
be alleviated. Increasing ks just changes the surface state of
the contacts and has no negative effect on the reliability
under stress relaxation and thermal diffusion. Decreasing F
increases Ns, but it is bad for the reliability under stress
relaxation and thermal diffusion. One has to be careful when
this method is to be considered to be adopted. What has to
be ensured is that if F is reduced, the validity of the reliability
under stress relaxation and thermal diffusion should be
retained. Nevertheless, these methods will not negatively
affect existing design choices, which means that the evalu-
ation framework proposed in this article helps the design
process be smooth.

'e assessment on hw has been done based on the
supposition that the needed design improvement has been
finished. 'e design improvement will change the values of
the parameters in Equation (17). However, the values used in
this article were not updated. One might doubt that whether
the result of the evaluation is valid. Actually, all these
methods can make hw lower, which means that the evalu-
ation result will be better if the updated values have been
adopted.'us, the evaluation results given by this article can
always keep validity because the worst work condition has
been considered.

Based on the above analysis, it can be concluded that the
framework is very friendly to the design of connector.'is is
because the steps of this framework have been elaborately
devised according to two important factors. One is the
interplay between the degradation mechanisms of connec-
tor, and the other is the possible palliative measures aiming
at every mechanism. At a certain design step, even if the
reliability under a certain mechanism does not meet the
requirement, the design improvement methods aiming at
this mechanism will have negative effects neither on the
other aspects of reliability that have been proven satisfactory
nor on the aspects of reliability which is to be assessed
subsequently.
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Figure 14: 'e calculation values of V and fitted curve of V vs. ts.
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For instance, suppose that there is another material to be
evaluated and only the reliability under the mechanism of
thermal diffusion is not satisfactory. Two palliative measures
are increasing the thickness of gold and adopting nickel as an
underplate [28]. 'ese two methods do not influence the
reliability under the mechanism of stress relaxation because
they do not change temperature. Adopting nickel does not
affect Ns, and meanwhile, it can decrease hw through re-
ducing kw. Increasing the gold thickness does not affect Ns
and it can strengthen the endurance of the contact surface.
One can conclude that either adopting nickel or increasing
the thickness of gold do not have negative effects on the
reliability under the mechanism of sliding wear. Further, no
matter what method to be adopted, the anti-overcurrent
ability of the connector will not be changed because the
connector behaviors of heat generation and transfer are not
changed.

It has to be pointed out that although only CZNS has
been evaluated for its feasibility on the connector, this does

not mean that the material selection criterion built in this
article only applies to this material. Any material can be
evaluated by plotting the coordinate of (lnσmy, σ) on the
graph shown in Figure 13 for its feasibility on the connector.
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Figure 15: 'e five parts of the connector.

Table 5: 'e results of tv under all the work conditions.

Work condition Rc (mΩ) I (A) tv (s)

1 0.354 98 154.8
2 0.354 112 29.4
3 0.354 126 9.0
4 0.354 140 4.8
5 0.708 98 35.0
6 0.708 112 6.5
7 0.708 126 3.0
8 0.708 140 1.7
9 1.062 98 5.4
10 1.062 112 1.9
11 1.062 126 0.9
12 1.062 140 0.5

Fitted curves
Calculation values (Rc = 1.062mΩ)
Calculation values (Rc = 0.708mΩ)
Calculation values (Rc = 0.354mΩ)
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Figure 16:'e relationships between ln tv and ln (Iv - IL) under the
three work conditions.

Table 6: 'e values of p, q, and IL under the three work conditions.

Rc (mΩ) q p IL (A)
0.354 9.07 1.91 90
0.708 9.26 2.18 84
1.062 7.70 2.03 79
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In some situations, there might be a few materials to be
evaluated.'ey can be simultaneously plotted on that graph.
'us, the material selection criterion provides a convenient
and fast way to screen out infeasible materials.

Besides the advantages of integration, well-organized
order, and quantification, the proposed approach has good
scalability. Although not provided in this article, many new
methods and models can be added to the framework of this
approach to enhance its availability. 'is approach is
modularized and every module is made up of a series of
steps. 'e output of one module can be used as the input of
the next module, or the output of one step can be adopted by
the next step as input, no matter how the output is obtained.
Any single module, or step in a module, can be able to be
solely used. For example, just the first module of this ap-
proach is needed to be adopted if only the function reali-
zation of the connector is to be evaluated. Any method or
model can be inserted into this module, so long as this
variation will not change the corresponding output, i.e., an
initial design of the structure and material of connector to be
evaluated, of this module.

6. Conclusions

A systematic approach for the reliability evaluation of
electric connector was proposed, the framework of which
consists of three modules. Each module evaluates one aspect
of the reliability of connector, including the initial state after
function realization, the degradation behavior, and the anti-
overload performance. After the methods and models
needed by the evaluation had been built, the proposed
approach was successfully applied to an existing blade-
spring connector, the substrate material of which was re-
quired to be replaced with a newly developed copper alloy
called Cu-20Zn-1.5Ni-0.34Si.

'e results show that the Cu-20Zn-1.5Ni-0.34Si applies
to the connector for realizing the specified function.
However, the reliability under the mechanism of sliding
wear should be improved by increasing the insertion depth
of the blade and lubrication or properly decreasing contact
force.

'e material selection criterion proposed can judge
rapidly whether a certain material is applied to the substrate
of the connector. 'is criterion correlates the electric
conductivity performance with the mechanical strength
performance of the material, which are the two most im-
portant parameters that the function realization of the
connector requires. 'is novel method for establishing the
criterion can be adopted not only by the connector studied
here but also by other congener connectors. No matter in a
new design case or a design improvement case, this method
can help reduce the consuming time of material selection
from big databases.

On the part of degradation behavior evaluation, a novel
model for assessing reliability under the mechanism of
thermal diffusion was built and verified by existing exper-
imental data. 'is model can quantitatively calculate the
thickness of oxidation film upon the surface of contacts in a
gold-copper system. Based on that, the contact resistance of

the contacts can be determined, which can be further used to
evaluate the validity of surface prevention.'en, whether the
current design choice is overdesigned or insufficient can be
judged to guide the design improvement, which might be
needed.

Based on FE analysis, the anti-overcurrent ability of the
connector was assessed. Results show that overcurrent level
and contact resistance are the twomain factors of this ability.
'e duration of the overcurrent that the connector can
endure can always be expressed by a power function of
current, which can be used to analyze the extreme degra-
dation level and the overcurrent level that the connector can
accept.

Some limitations of this work have to be presented to
avoid confusion that the users of this approach might meet.
Overall, the electric connector can be classified into two
categories, i.e., signal and power connectors. 'e former can
be further classified into low- and high-frequency connec-
tors. 'is proposed approach does not apply to the high-
frequency connectors. After the current frequency has
reached the level where the difference between the size of the
connector and the wavelength of the signal cannot be ig-
nored, the connector should be regarded as part of an
electromagnetic transmission line [48], but not a lumped
parameter component anymore. Under this situation, the
concerns are the issues of signal reflection, insertion loss,
and crosstalk [48], but not the temperature rise, contact
resistance, and contact force, which are the main indicators
of connector performance in this approach.

Temperature is the most important indicator of whether
the connector is at a reliable state, especially for power
connectors. 'us, in this approach, the temperature is used
as the main parameter for evaluating the function and re-
liability of the connector. In practice, designers might meet
some cases where the connector contains insulation housing.
In these cases, the effect of not only the metal terminations,
which have been considered in our work but also the
housing on the temperature of the connector should be
taken into consideration. If the approach proposed here is
adopted on the connector with housing, the accuracy of
results will decrease unless the framework has been modi-
fied, e.g., adding the influence of the existence of the housing
on the maximum allowable temperature or the structure
restriction on the springs and blade by the housing.

In this work, the methods and models provided for
evaluating the degradation behavior of the connector make
the degradation evaluation module of the framework di-
rectly apply to the connector whose contact surface finish is
gold. In practice, the surface material of contacts might be
different. For instance, tin and its alloys are also often used as
the finish of contacts. Under this situation, the typical
degradation mechanisms of contact surface are interme-
tallics [49] and fretting wear [50], but not thermal diffusion
and sliding wear anymore. 'us, more methods and models
for the analysis of degradation mechanisms should be
supplemented into the framework to make this approach
apply to more types of connectors. In this work, a specific
analysis was done to determine the degradation mechanisms
which will happen on the studied connector, according to
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the material, structure, and environment. In practice, the
extensive application makes the work conditions of the
connector very various. If a general method, as a module
before the degradation behavior evaluation module, can be
added to the proposed framework to make the analysis
process easier and faster, this approach will be more sys-
tematic and can more widely be used in practical
applications.
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