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Fretting Corrosion and the Reliability of Multicontact
Connector Terminals

Jonathan Swingler and John W. McBride

Abstract—The harsh operating environment of the automotive found” scenario occurs after an inspection of a failed system,
application makes the semi-permanent connector susceptible toin- jt is often attributed to a faulty connection. The connector
termllttenthlgh.con.tact resistance which eventqallyleadsto failure. can fail exhibiting high contact resistance but returns to low
Fretting corrosion is often the cause of these failures. However, lab- ist due t If-heali hani Th fault |
oratory testing of sample contact materials produce results that do resistance .ue 0a S? -healing mec am;m. us no tauft is
not correlate with Commercia“y tested connectors. found. Frett|ng corrosion at the contact interface can cause

A multicontact (M-C) reliability model is developed to bring to-  these failures and is common in the automotive application due
gether the fundamental studies and studies conducted on commer-to harsh operating environments. A previous study has shown
cially available connector terminals. It is based on fundamental that the operating temperature of the connector is a complex

studies of the single contact interfaces and applied to commercial . ¢ fi f drivi diti dth t | . i
multicontact terminals. The model takes into consideration firstly, Interaction ot driving conditions an € external environmen

that a single contact interface may recover to low contact resistance [1], [2]-
after attaining a high value and secondly, that a terminal consists  Laboratory fretting tests on contact samples produce results
of more_than one contact intt_erface. For the connector to fa_il, all that are not always correlated with data acquired from commer-
contact interfaces have to be in the failed state at the same time. cially available connector samples, ref. [3, pp. 341-342]. In tests
Index Terms—Connector reliability, contact resistance, fretting, ~ single contact interfaces have achieved high contact resistance
multiple contacts. (0.2 mQ2) within a few hundred fretting cycles [4] compared to
connector samples where the majority never give a resistance
NOMENCLATURE value above 3 1 for the same test conditions [2]. Work pre-
sented here demonstrates that the multicontact nature of con-

Z we!gu:: shalpe paramfter.L_f h teristi nector terminal, combined with the fact that the contact inter-
elbull scale parameter (Life charac ens ic). face can recover after a failure, explains this lack of correlation.
n Number of contact interfaces per terminal.

The definition of “multicontact” terminal as used in this study
is given in the Appendix-Al as several independent contacts on
a terminal.

R(z, n) Reliability function.

Ry (z, n) Reliability function for 1 failure and recovery.
w(x) Probability density function of failure.

wyr(z)  Probability density function of thé/th failure.

W (x) Unreliability function or probability of being in Il. SURVEY OF EXPERIMENTAL INVESTIGATIONS

failed state.

Wi (xz)  Probability of being inMth failed state. A. Single Contact Fretting Tests
v I':Ar:g:]ng ?I/eCIr?ur:#lral ?e':((r). failure Experimental investigations into fretting corrosion of tin
. Mean n)l:mberofc clesinfailéd state until recover and its alloys have been reported by many authors [4}-[6].
L Standard deviatio?]/ of failure ¥hese studies investigate contact phenomena involving a single
;JE ) Gamma function ' contact interface. Results previously presented by the authors
0 v Probability that a'm interface has failed and reco have demonstrated the effect on contact resistance for clean,

(@) ered y \1ubricated, powered and powered lubricated sample types [4].

L . . These samples arranged as a flat and rider were caused to fret

2 (x) ;/;ot?rig'shty thatan interface has failed and recover%dilh a relative oscillatory movement of §om at a frequency

of 3 mHz. Contact resistance measurements were taken during
the fretting cycle. Fig. 1 shows graphs of these four samples
types. They are plots of highest and lowest contact resistance
HE ELECTRICAL connector used in both electrical angber cycle against cycle number. The dark blocked in areas on
electronic power systems is often the focus of attentidhe graphs indicate the limit of the highest and lowest contact

where reliability issues are concerned. When the “no fauksistance. Cleaned samples fail [attaining Q.th Fig. 1(a)]

after on average 100 cycles of fretting and recover to low

Manuscript received January 11, 2001; revised November 26, 2002. ThNtact resistance. These samples repeatedly fail and recover
work was recommended for publication by Associate Editor M. Braunovic upaintil around 200 cycles and remain in the failed state thereafter.

I. INTRODUCTION

evaluation of the reviewers’ comments. =~ _ _ Lubricated samples [Fig. 1(b)] fail at a later cycle number
The authors are with the School of Engineering Science, University ﬂ% | | Fail d i f

Southampton, Southampton S031 5RR, UK (e-mail: j@swingler.net). an clean samples. Failureé and recovery cycling occurs 1or
Digital Object Identifier 10.1109/TCAPT.2002.808007 lubricated [Fig. 1(b)] samples across the 1000 cycle tested.
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0 | Fig. 2. Fretting tests of terminals.

0 Fretting Cycles 1000

compared to a single interface often studied in fretting tests. In
Fig. 1. Fretting test of single contact interfaces: (a) clean, (b) lubricated, (e first step in developing the model, permanent failures are
powered, and (d) powered lubricated sample types. considered for each contact interface. The resultant affect on
the reliability function for " contacts is shown. Secondly, a
Powered [Fig. 1(c)] and powered/lubricated [Fig. 1(d)] sampléailure followed by a recovery is considered and the resultant
also showed a failure and recovery cycling process. affect on its reliability function is shown. Finally, many failure
Typically, such contact resistance plots are divided into thre@d recoveries are considered with the time duration in the failed
stages [7], an initial stage of decrease in contact resistance, fhte assumed to be a fixed value. The affect on the reliability
lowed by a contact stable region, followed by an increase in cdianction under this condition is shown.
tact resistance. From Fig. 1(a)—(d), a continuous low resistance
stage is observed where the contact interface is in a “stable state"Reliability and the Probability Density Function
under any condition. (Closer inspection of the data also shows]-he reliability functionR
the initial decrease in contact resistance which in not Seendfbbability that the termin

Fig. 1.) Th? final stage, however, .not only has an INCrease jfh, cycle number. Applying this to a population of similar ter-

contact.reS|stance,. bgt repeateq failure and recovery to low cQlhals. the number of terminals working at that cycle number

_tacthre3|stance. This final stage is denoted as an “unstable SN be calculated. The reliability function relates to the unre-

in this paper. liability function W (z), otherwise known as the probability of
being in the failed state, by

(z) for a single terminal gives the
al is not in its failed state by a partic-

B. Connector Terminal Fretting Tests

Fretting tests have also been conducted on commercially R(z) =1-W(x). 1)

available connector terminals [2] which demonstrated a higher _ )
level of reliability compared to the single contact interface. FOr @ parallel system such as the multicontact terminal, the

These tests were conducted under same conditions as the siffgigPility function is given by the product of the unreliability
contact interface. However, the terminals used have at leffgiction for each contact interface [9]

two contact interfaces and use a lubricant. Fig. 2 is a plot of n

contact resistance for twelve terminal types when fretted for R(z,n)=1- H Wi (). 2)
1000 cycles. The average contact resistance values measured i=1

is plotted in this graph for each terminal type. The error bars ) o } .
indicate the maximum and minimum values measured duringAssummg the unreliability of each contact interface is the
the 1000 cycles. It can be seen that most terminal types have?ge; (2) becomes

contact resistance below rfor the duration of the test. The
M-C model is used to explain the low contact resistance during R(z, n) =1 - (W(x))". 3)
this test. (The high average resistance values of terminal typel_

1cl and 5b is thought to be due to low contact forces and not he probability of a terminal being in the failed state (unreli-
dealt with here.) ability function), W (x), at any particular cycle number is found

by integrating the probability density function of failua€ )

I1l. DEVELOPMENT OF THEM-C MODEL W(z) = /r w(z) du. 4)
0

The multicontact (M-C) model presented here is developed in
three steps. The model is used to evaluate the reliability functionThe probability density function of a terminal is the proba-
of a population of terminals with{” number of contact inter- bility that the terminal will fail at a particular cycle number. A
faces on each terminal. This function demonstrates the influenteibull distribution is used for the probability density function
of multicontact interfaces in commercially available terminals this analysis.
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B. Data Used in Model TABLE |
FAILURE PARAMETERS FROM EXPERIMENTAL DATA [4]

The model presented here is based on fundamental fretting

studies on a single contact interface [4]. Four types of inter- Interface | x; |of |a b
face have been considered, clean, lubricated, powered, and lu- ;
bricated/powered interfaces, but only the lubricated interface is (shape) | (scale)

described here in detail. Failure is defined as the contact resis-
tance reaching 200 ¢

Clean 100 | 76 1.4 120
I\V. THE MODEL AND RESULTS

A. Reliability Function for Permanent Failure Lube 350 | 130 | 3.0 390

A permanent failure of the contact interface is considered in
this first step, i.e., once the contact interface reaches a high con-
tact resistance itis considered to remain high. The Weibull prob- Pow/Lube 1500 1200 2.7 570
ability density function of failure for a population of terminals
for this condition is given [9]

Pow 500 | 300 | 1.7 550

w(z) = l;i“ % Lexp (— (%) ) (5) _ 1 N NN 0.02

) o _ c 0.016
where ‘a” is a shape parameter of the distribution ad s X
a scale parameter (life characteristic of contact interface). T& 0.012
a andb Weibull parameters were determined from experiment 2 X
data expressed for a Gaussian distribution in ref. [4], as the me'g 0.008 2
cycle number to failurez;, and standard divinatior;;. The .8
following relationships were used to determine thandb pa- &’ 1 0.004
rameters [10]

0
g =b00(1+a) () 0 500 1000

of =by/T(1+2a 1) —T2(1+a1). 7

Cycle x

The_ probability of f‘?‘"ure*W(_‘E)' between CyCIe number OFig. 3. Reliability function for %" lubricated contacts and the failure
andz is calculated using data in Table I, and (4) and (5). Thegobability distribution function for one contact interface.
reliability function R(z, n) of a terminal withn contact inter-

faces can then be found from the probability of failure using (3). TABLE I

The reliability function for a population of terminals with lu- INCREASE INAVERAGE NUMBER OF CYCLES BEFOREFAILURE
bricated interfaces are plotted in Fig. 3for 1, 2, 4, and 8 contacts a % incroase
per terminal. Equation (5), the failure probability density func-
tion w(x), is also plotted in Fig. 3 for, = 1. This peaks at I 0
390 cycles indicating the cycle number which has the highest
number of terminals failing. 5 6.9

It can be seen from Fig. 3 that increasing the number of '
contactsy, increases terminal reliability. The reliability curves
moves to the right, so more fretting cycles are required to 4 22.3
achieve 50% failure of the population [wheRéz, n) = 0.5].
Additionally, with an increased, at R(x, n) = 0.5 the failure 8 354
rate is also increased. It should be noted that this extension to

life is not by any great order. Table 1l shows the percentage ex-
tension of cycles from this data for when 50% of the populatiqtyhsigering that the contact recovers aftecycles after failure.

has fgiled. . . The probability of a contact interface being in its failed state at
This analysis assumes that a contact interface does not e ;. is the probability that the contact will fail between cycle
cover once failed. = — z, andz. This is calculated by integrating the probability

o ) ) density function between — z,. andz, as in (6). Considering a
B. Reliability Function for One Failure Followed by a population of terminals with one contact interface and the failed
Recovery state to last, cycles, the number of terminals in the failed state
The experimental data shows that a permanent failure dae# be those that had failed at cycleand(z — 1) and(z — 2)
not occur and that a recovery to low contact resistance takes and(z — z,.). Wi («) for a terminal is the probability that
place (see Fig. 1). This is accounted for in the M-C model ke contact interface is in the failed state at cyclafter it first
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Fig. 5. Terminal reliability for. = 1 and 2 contacts.
Fig. 4. Probability of the contact interface being in its failed state at particular

cycle number. 1
0.999988
0.8
TABLE 11l —
RECOVERY PARAMETERS FROM EXPERIMENTAL DATA [4] § 0.6
—— = 04
Interface Xy c 0 0.0295154
Clean 71 0 3.495E-05 6.802E-11  3.612E-22
0 2 4 6 8 10 12 14 16 18
Lube 13.5 Number of Contacts
Pow 52 Fig. 6. Probability that the terminal has failed between 0-1000 cycles.
Pow/Lube 4.5 working state. At cycle 1000 a terminal has a very high prob-

ability that it is in the working state~{1). However, by cycle

1000 the single contact terminal has probably failed and recov-
. . ] ] _ered. The probability that a terminal has failed and recovered,
fails and before the first recovery (suffix 1 denotes first failurgy, (1), can be calculated by integrating the normalized proba-

and recovery) bility 1 () function between 0 and 1000 cycles giving, see
P the Appendix-A2.
Wi(z) = / wy(x) dx Considering a population of similar terminals with= 1,
e at 390 cycles, it would be expected that just over 4% are in the
- / % 2% Lexp (_ (E)G) du failed state. Fon = 2, less then 0.5% are expected in the failed
e—a, b b state. By increasing the number of contaetsin the terminal

exp (_ <a: — :nT)“) _exp (_ (g)a) ©6) and including the fact that the contact recovers, increases the
b ’ b ' reliability significantly.
L - ) . For multicontact terminal there is a much higher probability
This is plotted in Fig. 4 for different,. for the lubricated f ot fajling at all. This can be calculated by integrating the
case where average failure is at 390 cycl_esy_u‘@f 1. It_can be normalizedi¥; ()" function between 0 and 1000 cycles giving
seen that the longer the contact interface is in the failed state glgllql,) for different n. See the Appendix-A2. This is plotted
higher the failure probability for any particular cycle number. against the number of contacts, in Fig. 6.

A value for thex, parameter has been found from experi- “This analysis is for one failure and recovery. However a con-
mental data for the four sample types. The mean values are giy§& interface will fail and recover many times.

in Table 11l for the fretting experiments conducted [4]. The lu-
bricated case of, = 13.5 is considered in this analysis. C. Reliability Function for Many Failures and Recoveries
The reliability function for one failure and recovery of the

. . . . For the contact interface to undergo a second failure, it must
terminal withn contact interfaces is found by

have encountered a first failure and recovery. Considering a
Ri(z,n) =1 — (Wi(z))". @) single contact interface terminal, the probability that the ter-
minal has had one failure and recovery at cycle numbes
The function is plotted in Fig. 5 for the Lubricated terminagiven by integrating the probability density function of failure
system where, = 13.5. Two types of terminals are plotted (suffix 1 denotes first failure and recovery) as in
withn = 1 andn = 2. x
Considering a terminal of = 1 at cycle number 390, the ter- M (z) = / wi(z) dx. (8)
minal will have a probability 0f~0.96 that it is in the working /0
state (see Fig. 5) or a probability 6/0.04 that it is in the failed  Therefore, the probability of a terminal being in its second
state. It should be noted that the terminal may have alrea@yled state is given by (9). This is the product of the probability
failed and recovered by cycle number 390 and currently be in ftsat the terminal has had one failure and recov@sry,and the
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probability of the second failure. The probability of the second 1

failure is calculated in a similar manner to the first failure as f 0.99

in (6) accept the mean time to failure is now assumed to be € g8

2zy = 2 x 390 cycles. This modifies the andb parameters 2

as shown in N 097 N /\
) 2 0% ~

WQ(.T}) = Ql(x) 5 0.95

z)2—x,\* \20 0 200 400 600 800 1000
lexp|— B —exp —(%) . (9) oyclox

Generalizing, before the probability of a terminal being in itgig. 7. Reliability of the connector terminal fer = 1 contact.
Mth failed state can be found, the probability of it having failed
M — 1 times has to be found and this is givenQy; . The TABLE IV
probability of a terminal at cycle numberwhich have failed RELATING% OF CONNECTOR INFAILURE STATE TO THE NUMBER OF CONTACTS
M — 1 times is given by

n| Min Persentage of Terminals in
M—-1 .
Qnr-1(z) = H / Wiy (2) da. (10) R(x,n) Failed State
m=1"0
Therefore, the probability of a terminal being initth failed 11958 3-4 %
state is given by (11), the probability that the terminal has had
M — 1 failures and recoverie€),;_1) and the probability of 21999 0.089-0.118 %
the Mth failure
1 4{ 100 0.105 - 0.140 x10™ %
W]\,[(.Z’) = Q]\,[_l(x) M
) -10 ¢
o /M —z, \M* Ma 81100 2.04 -2.72 x107" %
Lexp (= (FM=2 ) ~(2)") @y
b Mb

By defining 2y = 1, the reliability function for a total of: A. Stable State

failures and recoveries andcontact interfaces is given by _ _
Fig. 3 and Table Il illustrates the effect the number of con-

r " tact interfaces has on the reliability of the terminal, assuming
Z WM(‘”)) (12) permanent failure occurs. By increasing the number of contacts
per terminal, extends the stable state for the terminal before the
Equation (12) gives values as plotted as in Fig. 7. This assunpesmanent failure. This extending feature also applies to when
the contact fails and recovers every 390 cycles, whete5 as recovery is a possibility, so that the average number of cycles to
a first approximation and = 1. the first failure of a contact interface is extended.
At any one point in time after 390 cycles a terminal with one
contact interface will have a reliability betweer9.96-0.97. A B. Fail/Recovery State
population of terminals will have 96-97% in the working state  pye to the nature of fretting corrosion, a contact interface
or ~3-4% in the failed state. Increasing the number of contagsnot likely to remain in the failed state but a recovery to low
significantly improves the reliability function. Table IV showsresistance is probable. Fig. 7 and Table IV illustrate the effect
the minimum value forz(z, n) calculated and the percentagesecovery has on the reliability function. This suggests no more
of terminals in the failed state for different number of contactgyan 49 of a population of terminals with 1 contact interface
being in a failed state at any particular cycle number. Increasing
V. DiscussION the number of contact interfaces reduces this percentage so that
It can be seen from the contact resistance measurement§freliability function is close tdz(z, n) = 1 for more an 4
Fig. 1 that this data can be divided into a stable and an unstagféitacts per terminal.
state. The stable state occurs at the beginning of the frettingcommercially available connectors typically have 2 or 4 con-
test and is characterized by low resistance. The unstable staf interfaces per terminal. From the data in Table IV, for the
is characterized by contact resistance cycling between high @ngontact case-1 in 1000 terminals may be in the failed state
low values, where the interface is in a failure/recovery state. at any one time. For the 4 contact case this-Isin 1000000
During the fretting action, high contact resistance is achievé&minals which may be in the failed state at any one time.
as resistive debris is built up at the ends of the wear track. The
recovery to low resistance is achieved by two possible mectta- [ndependent Contacts
nisms. The resistive material can be either 1) dispersed by lubriPitney identifies three issues which may effect the correct
cants on the surface or 2) by electrical breakdown (or frittinggvaluation of performance using a probabilistic approach, such
A more detail discussion of these can be found in ref. [8]. as used here [11]:

Ry(z,n)=1- (

M=1
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1) The Normal Force; force applied. These asperities are also known to form in clus-
2) a general issue of the contacts being physically and eléers. These two touching surfaces consisting of clusters of as-
trically connected; perities are said to form a contact in this study.
3) cleaning and recovery of the contacts interface. Independent Contacts and MulticontactAs defined in this
This third issue is addressed in the M-C model and demonstratéiady of connector terminals, contact number one is said to be
its advantages for improved reliability. independent from a second contact if:

However the other two issues are difficult to address. The 1) any wear track caused by contact one does not overlap a
M-C model assumes constant and same normal forces for each wear track cause by contact two;
contact interface. It should be noted that using the M-C model of 2) the normal (contact) force holding the surfaces of contact
the performance of terminals is assuming that the multicontacts  one together is supplied separately from the force holding
are independent of each other. This is not true in a commercially ~ contact two together.
available terminal. For example let us consider a two contactit should be noted that for “ideal” independent contacts,
terminal with contacts made on opposite sides of a pin by tvexternal influences on contact one should be different to those
cantilever beams. If the pin is misaligned with respect to thgn contact two. However, in this definition this is not the
cantilever beams, under fretting conditions, one contact may $2&e. External influences to contact one, such as the electrical
anincrease in normal force whereas the other may see a decrgasger source, external temperature, vibration, humidity and
in normal force as the pin moves relative to the beams. Themospheric contaminants, may be the same influences upon
two contact interfaces see an equal and opposite condition aa#tact two.
cannot be said to be independent. A multicontact terminal is defined as several independent

contacts.

VI. CONcLUSION A2. Probability That the Terminal Has Failed

Laboratory Fretting tests have consisted of a single contact i”'Considering aterminal of contact interfaces which failures

terface and have _been useful asa comparative test of materigly recovers for the first time has a probability of failure being
With such tests, high contact resistance has been measured ﬂ{tﬂ{e failed state a®, () [see (6)]. Ifz, = 1 cycle then

a few hundred, or a few thousand, cycles depending upon test

parameters. However, tests upon commercially available con- *

nector terminals have not exhibited high contact resistance until Wi(z) = ./I—1 wi(w) do = wi (). (A1)

much later in fretting tests, in some case no increases have been

observed at all. The probability that the terminal has failed between cycle 0
The multicontact (M-C) model has been presented to expld@fds = 1000 is

the lack of correlation between fundamental tests and terminal 1000

tests. Two features are considered. 2:(1000) = Wi(2)" do ~ 1. (A2)
1)A single contact interfaces undergoing fretting corrosion 70

enters an unstable state of failure and recovery. This is using data for the lubricated case with= 1. Inte-
2)In a multicontact terminal all contact interfaces must be @rating this between 0 teo gives 1.

the failed state before the terminal fails. However for the lubricated contact it remains in the failed

The M-C model is evaluated for 1, 2, 4, and 8 contact irstate forz, = 13.5 cycles giving alV; (x) function which is
terfaces per terminal in terms of the reliability function. Thd3.5 times higher for eachthan in (A1) When integrating this,
data used in the single contact interface case is taken from #he probability will be consider more than once each cycle and
perimental data and extrapolated to the multicontact case. T&s to be normalized. Therefore, the probability that a terminal

model considers all contact interfaces to be in parallel. has failed over the range of 0-1000 cycles is given by
It was found that there is an exponential improvement to the 1000
reliability function with increasing number of contact interfaces. Q1(1000) = -~ Wi(z)" dz. (A3)
r J0O
APPENDIX Note
1 1000 L 1000
A1. Definition of “Multicontact” A Wi(z)" dz = /0 wy(z)de.  (A4)

Asperities and ClustersThe surface of a terminal pin has
a roughness associated with it. If two surfaces are considered
on a microscopic level, one surface as flat with no roughness
and the second surface with a roughness, then when these Sdlll J. Swingler, J. W. McBride, and C. Maul, “Degradation of road tested
automotive connectors|EEE Trans. Comp. Packag. Technalol. 23,
faces are brought together they touch at the peaks of the rough o, "157_164, mar. 2000.
surface. These peaks initially elastically and then plastically de-[2] J. Swingler and J. W. McBride, “The synergistic relationship of stresses
form to support the normal (contact) force. These touching de- in the automotive connector,” iRroc. 19th Int. Conf. Electric Contact
" . Phenom.Nuremberg, Germany, 1998, pp. 141-145.
formed peaks are often called asperities. Several asperities Ca) \. antler, Tribology of Electronic Connectors in Electrical Contacts:
be formed depending upon the surface properties and normal  Principles and ApplicationP. G. Slade, Ed., 1999.
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