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Determination of the transition resistance of detachable electrical contacts with Camital
active grease

Problem. The reliability of detachable electrical contact connections is significantly reduced due to an increase in transition
electrical resistance caused by thermomechanical deformations, oxidation of contact surfaces, and a decrease in the effective contact
area during operation. According to the results of operational and experimental studies, failures associated with contact degradation
account for up to a third of the total number of electrical installation failures. Traditional methods, in particular the use of passive
conductive lubricants, mostly only slow down oxidation processes and do not ensure active restoration of the contact condition. In
this regard, it is important to develop models and technical solutions capable of describing and ensuring the stabilisation of the
transition resistance of electrical contacts through controlled thermomechanical processes in the contact zone. Goal. To establish
the regularities and interrelationships of processes in electrical contacts through experimental research and mathematical modelling
of the evolution of the transition resistance of contact connections with composite grease modified with Cu—Al-Mn (Camital) with
shape memory, taking into account the interaction of electrical, thermal, thermomechanical and tribological processes in normal and
emergency operating modes. Methodology. Experimental studies were performed on models of bolted contact connections of
aluminum busbars using composite grease containing 5 % and 10 % Cu—Al-Mn powder by volume, as well as on control samples
without grease. Long-term measurements of contact resistance were carried out at a constant temperature and under periodic
thermal loads. The theoretical study is based on a multilevel mathematical model, the numerical solution of which was carried out
using implicit stable methods with parameter identification based on experimental data. Results. A decrease and stabilisation of
contact resistance was established when using composite lubricant, most pronounced at a Cu—Al-Mn powder content of 10 % by
volume. A reduced model of contact resistance evolution was proposed. Scientific novelty. For the first time, a generalised
mathematical model of a detachable electrical contact with active composite lubricant has been developed, which takes into account
the phase transformations of Cu—Al-Mn alloy particles and the mechanism of thermomechanical destruction of oxide films. The
possibility of a step-like decrease in contact resistance under impulse currents is shown. Practical value. The results obtained can be
used to improve the reliability of detachable electrical contact connections, predict changes in contact resistance during operation,
and justify the choice of the composition of active electrical contact lubricants. References 37, tables 4, figures 7.

Key words: electrical contact, contact resistance, composite electrical grease, Camital, shape memory alloy, thermal,
thermomechanical and tribological processes.

Ilpoénema. Haoiiinicms po30ipHux enexmpudHux KOHMAKmMHUx 3 €OHaHb ICIOMHO 3HUNCYEMbCS BHACTIOOK 3POCMAHHS NEePexiono20
eNIeKMPUUHO20 ONOPY, CHPUHUHEHO20 MEPMOMEXAHIUHUMU 0eDOopMAyiamu, OKUCTIEHHAM KOHMAKMHUX NOBEPXOHb MA 3MEHUIEHHAM
ehexmugHoi niowi KoHmaxmy @ npoyeci exchiyamayii. 3a pe3yrbmamamu eKCHIyamayiiHux i excnepumMeHmanbHux 0ocniodcensb
8I0MOBU, N0 A3aHI 3 Oecpadayiclo KOHMAaKmis, CMmanoBIsMms 00 MPemuHU 3a2a1bHOI KIIbKOCMI NOUKOOJICEHb e1eKMPOyCMAaH08OK.
Tpaouyiiini cnocobu, 30Kpema 3acMOCYBAHHS NACUBHUX —ENEKMPONPOGIOHUX MACmuL, 30e0ilbuo2o auue CROBLIbHIOIOMD
OKUCTIOBANbLHI npoyecu ma He 3a0e3neyylomv aKmusHo2O GIOHOBNEHHS KOHMAKMHO20 cmawy. Y 363Ky 3 yum aKmyaibHum €
PO3podenHs Mooenell | MeXHIUHUX piulenb, 30amHUX Onucysamu ma 3abesnevysamu cmadinizayilo nepexionozo onopy enreKmpusHux
KOHMAKMI@ 3a DAXYHOK KepOGAHUX MepMOMEXAHIYHUX npoyecié y 30Hi kowmaxmy. Mema. Bcmanoenenns 3zaxonomipnocmeii i
630€MO036 A13KI6 NpoYecié 6 eNeKMpuyHUX KOHMAKMAX WIAXOM eKCNePUMEHMANbHO20 OO0CHIOJNCeHHs mMa MamemMamuiHo2o
MOOen08anHs eBONIOYiT Nepexiono2o onopy KOHMAKMHUX 3 €OHAHb 3 KOMIOZUMHUM MACMULOM, MOOUDIKOBAHUM NOPOUWKOM CHIASY
Cu-Al-Mn (Camital) 3 nam’ammrwo @opmu, 3 Ypaxy8anHaM 63a€MO0ii e1eKMPUYHUX, MENI08UX, MEPMOMEXAHIUHUX | MPUOOIOTYHUX
npoyecié y HOPMANbHUX MA ABAPIUHUX pedicumax pobomu enekmpoycmanogox. Memoouka. Excnepumenmanvui 00CRiodCcenHs
BUKOHAHO HA MOOENSAX DONMOBUX KOHMAKMHUX 3 €OHAHb ANIOMIHIEGUX WUH 3 UKOPUCTHAHHAM KOMNO3UMHO20 MACMUNA 3 6MICIOM
nopowky Cu-Al-Mn 5 % i 10 % 3a 06’cmom, a maxodc Ha KOHMPONbHUX 3paskax Oe3 macmuaa. IIpoeodunuca O0oezompuseani
SUMIDIOBAHHA NePexiOno20 Onopy 3a CMAnoi memnepamypu ma npu nepiooudHuUx Mmeniosux Hagawmagicenusax. Teopemuune
docniddicenns 6azyemvcs Ha OA2AMOPIGHESIll MAMEeMAMUYHIL MOOEN, YUCETbHUL PO38 30K KO 30TUCHI08ABCS HESAGHUMU CTNILIKUMU
Memodamu 3 ioenmuixayiclo napamempie 3a excnepumeHmanibHumu Ooanumu. Pesynvmamu. Bcmanoeneno 3suudienns ma
cmabinizayito nepexionozo onopy npu GUKOPUCMAKHI KOMNO3UMHO20 MACMUId, Haubitbw supadxcery 3a emicmy nopowxy Cu-Al-Mn
10 % 3a 06 ’emom. 3anpononosarno pedykosany mooens egonioyii nepexionozo onopy. Haykoea nosuszna. Hayxosa nosusna pobomu
nonAeac y po3pooOnenti ma eKcnepumMeHmanrbHomy oOTpyHIMYGAHHI HOB020 MUNY KOMNOZUMHO20 eNeKMPOMexXHiuHo20 MACUNA Os
PO30IpHUX  eneKmPUYHUX KOHmaxmis, wo micmums nopouwiok cnaagy Cu-Al-Mn 3 egexmom nam’smi ¢opmu, a makodc y
6CMAHOGNEHHI  (QI3UYHO20 MeXawizmy aKkmueHoi cmabinizayii nepexioHo2o ONopy KOHMAKMHUX 3 €OHAHb 3ad  PAXYHOK
MEPMOMEXAHIYHO20 PYUHYBAHHS OKCUOHUX NAI60K Y npoyeci YukKiiuHux meniogux Hasammagicens. IIpaxkmuuna 3nauumicme.
Ompumani pe3ynomamu MOACyms 6ymu 6UKOpUCMari 05k niO8UeHHs HAOIIHOCMI PO3OIPHUX eleKMPUUHUX KOHMAKMHUX 3 €OHAND,
NPOCHO3Y6AHHA  3MIHU  Nepexiono2o onopy 6 npoyeci ekcniyamayii ma 00IpyHmMyeanus eubopy CKIady aKmueHux
enekmpokowmakmuux macmu. bioin. 37, Tabn. 4, puc. 7.

Kniouosi cnosa: eeKTpUYHUNH KOHTAKT, NepeXiiHWii omip, KOMIO3UTHe eJleKTpPoTexHiyHe MacTwio, Camital, cnias 3
nam’sTTI0 GopMH, TeNJIOBi, TepMOMeXaHiuHi Ta TPHUGOIOriYHi Npouecu.

Introduction. The state of contacts is determined by
a number of independent and interdependent factors, the
change of which in time is often random (Fig. 1). In
general, the influencing factors can be divided into two
conditional groups — internal and external. Internal
factors, formed due to the functioning of the power supply

system itself, provide a quantitative and qualitative
characteristic of processes (modes). External factors
mainly reflect the characteristics of the environment:
atmospheric pressure and lightning surges; humidity and
air temperature; solar radiation; actions of service
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personnel, etc. To consider different levels of the power
supply system, the set of factors can vary in number and
composition [1-6].

Oxide films formed on the contacting surfaces of
aluminum and copper have a significant electrical
resistivity and reduce the effective area of the conductive
contact, which leads to an increase in the transition

resistance and local overheating. The accumulation of
oxide layers during operation accelerates the degradation
of the contact connection, increases power losses and
reduces its long-term reliability. Failure to solve this
problem can lead to thermal destruction of contacts and
failures of conductive assemblies.
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Fig. 1. Physical and chemical factors related to the reliability of electrical detachable contacts

To reduce the growth rate of oxide films, galvanic
coatings, various methods of surface treatment, sealing
and conductive greases are used [7—9]. The most common
conductive and sealing greases are FOTU 571 Electrical
Contact Grease, NO-OX-ID «A-Special» Electrical
Contact Grease, Rheotemp™ 768G, CIATIM 221, etc.
[10-17]. However, the above technical means only slow
down the growth of oxide films and do not ensure their
destruction. In previous studies, electrical lubricants were
considered mainly as a passive means of sealing the
contact space and reducing the environmental impact on
the oxidation process of contact surfaces. Unlike known
approaches, this work is the first to investigate a
composite grease containing powder [18-23] of the
Cu-Al-Mn alloy (Camital) [8, 9] with a shape memory
effect, which performs the active function of
thermomechanical influence on the contact surface and
promotes the destruction of oxide films during operation.
According to the results of the analysis of scientific
publications, the authors are not aware of any works
describing similar lubricant compositions or experimental
studies of such a mechanism of action. The composition
of this composite grease includes — electrically conductive
grease and Camital intermetallic powder, which provides
high electrical conductivity of the grease and destruction
of oxide films. During the installation of the contact
connection, the contacting surfaces are lubricated with a
composite material. Tightening the bolted fastening to the
nominal forces leads to deformation of the inner surface
of the contact parts and particles of the shape memory
alloy.

The goal of the work is to establish the regularities
and interrelationships of processes in detachable electrical

contacts by experimental research and mathematical
modeling of the evolution of the transition resistance of
contact connections with a composite electrical grease
modified with Cu-Al-Mn alloy powder (Camital) with a
shape memory effect based on the developed multi-level
mathematical model, which takes into account the
interaction of electrical, thermal, thermomechanical and
tribological processes in normal and emergency operating
modes of electrical installations.

Materials and methods. During long-term
operation, films grow on the contacting surfaces, which
leads to an increase in the transition resistance and a
decrease in the operational life of the contact. This
process is intensified by heating the contact with short-
circuit currents. However, in the presence of a functional
composite grease, heating the intermetallic particles with
a shape memory effect leads to their restoration of the
initial shape that they had before the contact was installed.
Deformed, the intermetallic particles are displaced
relative to the contact surface and destroy a significant
part of the surface of the oxide films, which reduces the
transition resistance and increases the operational life of
the contact.

The study of the Camital intermetallic powder
fractions was carried out on a TESCAN Mira 3 LMU
scanning electron microscope (Fig. 2) designed to obtain
an image of the object surface with high spatial resolution
[24]. This microscope is used to study the shapes of
particles and their surface morphology, analyze coatings,
roughness and waviness of the surface of samples, fibers
with specified properties, etc., at magnifications from 4 to
1,000,000 times with an accelerating voltage from 200 V
to 30 kV.
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a
Fig. 2. General view of the TESCAN Mira 3 LMU electron microscope (a); study of fractions of the Camital intermetallic powder (b)

Research on the influence of functional composite
grease on the electrical resistance of the contact
connection. To test the influence of grease on the
electrical resistance of the contact connection, a series of
experimental studies were conducted on models of
detachable bolted contact connections — aluminum buses
with dimensions of 100x50x5 mm, MI12 bolted
connections (bolt M12x30 mm, hexagonal nut M12, two
flat washers M12) (Fig. 3). Six samples of bolted
connections were used: samples No. 1 and No. 2 were
coated with electrically conductive grease with fraction 1
powder (v1), samples No. 3 and No. 4 were coated with
grease with fraction 2 powder (v2), control samples No. 5
and No. 6 were without grease.

Electrically conductive grease with fraction 1
powder (v1) contained 95 % (by volume) CIATIM 221
and 5 % Camital intermetallic powder. The grease with
powder fraction No. 2 (v2) contained 90 % CIATIM 221
and 10 % Camital intermetallic powder. The grease was
applied in a thin layer to the contact surfaces of the
aluminum tires (Fig. 4). A torque wrench (Intertool XT-
9003) was used to control the tightening torque of the
bolted joint, which was 40 N-m.

Fig. 3. Preparation for the experiment

The experiment consisted of periodic measurement
of the electrical resistance of contact connection samples
(Fig. 5). The duration of the experiment was from March
11,2024 to April 1, 2025.

SEM HV: 10.0 KV
View field: 1.50 mm
SEM MAG: 482

Fig. 4. Application of functional composite material to contact
surfaces

Fig. 5. Measuring the resistance of the contact connection

Samples of contact connections No. 1, No. 3 and No. 5
were periodically heated in an oven to a temperature of
120 °C, held at this temperature for 4 min., and natural
cooling to a temperature of 21 °C. In this way, overheating
of the contacts was simulated. Samples of contact
connections No. 2, No. 4 and No. 6 were constantly in the
room at a temperature of 21 °C with an air humidity of 45 %.

Results and discussion. The results of experimental
studies are presented in Tables 1, 2 (the first and last
experiments, respectively), and in Fig. 6 all experimental
measurements.
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Table 1

Results of contact resistance measurement on 11.03.2024 and 16.03.2024

The resistance value of the contact connection. | The resistance value of the contact connection.
S L Measurements on 11.03.2024, uQ Measurements on 16.03.2024, uQ
ample No.| Lubrication type
| ) 3 4 average 1 ) 3 4 average
value value
1 vl 22,37 | 22,54 | 22,92 | 22,54 22,59 22,05 | 22,16 | 22,27 | 22,48 22,24
2 vl 21,24 | 22,05 | 21,18 | 21,24 21,43 20,97 | 21,02 | 20,86 | 21,02 20,97
3 v2 19,01 | 18,96 | 18,91 | 19,07 18,99 19,07 | 19,34 | 18,69 | 18,85 18,99
4 v2 20,15 20,1 20,48 | 20,59 20,33 20,1 20,15 20,1 20,21 20,14
5 without lubrication 31,75 31,8 30,72 | 31,15 31,36 31,64 | 31,69 | 31,75 | 31,75 31,71
6 without lubrication | 28,66 28,5 28,66 | 28,77 28,65 27,36 | 28,06 | 27,41 | 27,36 27,55
Table 2
Results of contact resistance measurement on 04.03.2025 and 01.04.2025
The resistance value of the contact connection. | The resistance value of the contact connection.
S . Measurements on 04.03.2025, uQ Measurements on 01.04.2025, uQ
ample No.| Lubrication type
| ) 3 4 average 1 ) 3 4 average
value value
1 vl 25,74 | 25,72 | 25,67 | 25,78 | 25,73 | 25,73 | 25,79 | 25,79 | 25,81 | 25,78
2 vl 21,98 | 22,02 | 21,78 | 21,84 21,91 22,03 | 21,99 | 21,82 | 21,85 21,92
3 v2 20,68 | 20,86 | 20,84 20,9 20,82 20,71 | 20,84 | 20,82 | 20,79 20,79
4 v2 20,98 | 21,06 | 20,85 | 20,78 20,92 21,01 | 20,98 | 20,86 | 20,82 20,92
5 without lubrication 39,05 | 39,15 | 39,12 | 39,07 39,10 39,04 39,2 39,15 | 39,06 39,11
6 without lubrication | 28,67 | 29,13 | 29,05 | 29,01 28,97 28,71 | 29,11 | 29,01 | 29,02 28,96
40 [R, pQ2 .| intermetallic powder in the grease in a volume of 10 %
SW el practically eliminates the effect of periodic temperature
36 Sample 2 . .
//v D —-y changes on the resistance of the contact connection.
“ Sampled | | Theoretical modeling of processes in a detachable
— —s—Sample 5 . o e o e .
e Sample 6 electrical contact joint containing a composite grease
25 \WW with Camital alloy powder. In an aluminum-aluminum
] (or Cu-Cu) contact joint with grease and Cu-Al-Mn
A a— e powder, 4 interrelated processes occur simultaneously:
g ; — o formation of contact electrical conductivity. The
WS === — contact resistance is determined by: the real contact area;
oo Experiment Ne the thickness and integrity of oxide films; the number of

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Fig. 6. Results of experimental measurements of contact
connection resistance in the period from 11.03.2024
to 01.04.2025

Analysis of experimental research results. The
presence of Camital intermetallic powder increases the
electrical conductivity of contacts — reduces the initial
resistance of contacts by 65 % (resistance of contacts No.
3 and No. 5).

Long-term exposure of contact connections No. 2,
No. 4 and No. 6 at a constant temperature of 21 °C and
relative humidity of 45 % does not lead to changes in the
initial resistance of the contact connection during the year
(conclusion taking into account the relative measurement
error of 5 %).

The influence of the volume content of intermetallic
powder in the functional grease on the initial resistance of
the contact and the subsequent increase in resistance
during periodic heating of the contacts is significant. This
conclusion is confirmed by a comparison of the initial
resistances of contacts No. 1 (powder content 5 %) and
No. 3 (powder content 10 %) — the difference in the initial
resistances is 19 %, and the final resistance is 23 %.

Periodic heating of contacts in the absence of
Camital intermetallic powder in the grease leads to an
increase in the resistance of the contact connection —
contact No. 5 by 25 %. The presence of Camital

microcontacts created by the powder;

e thermomechanical cycle. Current load — heating —
phase transformation of the shape memory alloy —
restoration of the particle shape — local mechanical
stresses — destruction of oxides;

e «microscraper» mechanism. Sharp edges of Camital
particles:  concentrate  stresses;  perform  cyclic
microcutting of the oxide film; periodically «renew» the
metal-metal contact;

e chemical aging. Without powder — monotonous
growth of the oxide area and thickness. With powder —

competition of two processes: oxide growth; its
thermomechanical destruction.
The structure of the mathematical model is

multilevel, the system is nonlinear, transient, with internal
feedback. The general structure of the mathematical
model consists of 5 interconnected subsystems:

1. Electrical — contact resistance, current, current
density;

2. Thermal — heating and cooling of the contact;

3. Thermomechanical (SMA) — deformation of Cu-Al-
Mn particles;

4. Tribological — destruction of the oxide film;

5. Evolution of contact resistance.

1. The total contact resistance is defined as the sum

of the components [25, 26]:

Rc(t):Rb+Rox(t)9 (1)
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where R.(?) is the total contact resistance, QQ; R, is the
volume resistance of the busbar material, Q2; R,(¢) is the
resistance of the oxide film, Q.

2. Current [ and current density J:

1) =U@®)/R.(1); 2

J(O)=1(0)] 4 (1), 3)
where I(?) is the current, A; U(?) is the voltage, V; A./(7) is
the effective area of the electrical contact, m’.

3. Thermal subsystem (contact heating). The contact
is considered as a concentrated heat capacity. The heat
balance equation [27, 28]:

dar »

Cy, m =1“(OR.(t)—hy(T-Ty), 4
where T is the contact temperature, K; 7 is the ambient
temperature, K; C, is the contact heat capacity, J ~K’l;
hy 1s the heat transfer coefficient, WKL

4. Thermomechanical model of Cu-Al-Mn powder
(SMA). Kinetics of phase transformation. The variable is
introduced — austenite fraction &(¢) [29-31]:

‘(li_f ke [H(T - 4)(1-&)-HM, -T)E],  (5)

where £ is the austenite fraction, dimensionless; k; is the
kinetic coefficient, s'; 4,, M, are the phase transition
temperatures, K; H is the Heaviside function, p.u.

Recoverable deformation of Camital
particles:

powder

£()=&9¢(0), (6)
where &) is the recoverable deformation of powder
particles, p.u.; & is the initial recoverable deformation of
powder particles, p.u.

Contact stresses created by a powder particle:

o, ()= E, ), )

where o,(f) is the local contact stress created by the
powder particle, Pa; E, is the elastic modulus of the Cu-
Al-Mn alloy, Pa.
5. Oxide film model. Evolution of oxide thickness
[32, 33]:
% = kox _kberF(Up) > (®)
where 4 is the oxide thickness, m; k,, is the oxide growth
rate, m's’'; k; is the oxide film destruction coefficient,
m”s'; N, is the particle volume concentration, m'.
Oxide destruction function

0, if 0, <0u;

Flo,)=1(c,-0, ) ©)
i [u , else 0, 20,,,
O-O)C

where o, is the strength limit of the oxide film, Pa; n is
the nonlinearity index of the oxide destruction
mechanism, dimensionless.

6. The relationship between the oxide film and
resistance.

The resistance of the oxide layer:

Rox = poxh(t)/Aef @, (10)
where p,, is the electrical resistivity of the oxide film,
Q-m.

The rate of change of the effective contact area:

dAe
dtf = k[N o) - a4h0)], (1)

where k&, is the kinetic coefficient of contact area
formation, mz-s’l; oy 1s the coefficient of contact area
reduction due to oxidation, m -s'.

Therefore, the complete system of equations has the
form:

_p o Poxl)
R.()=Ry+ ywrR

1) =U)/R.(1);
dr 5
Czhg= I7(OR. (1) = hy (T - Ty);

% — ke [H (T - 4, \1- &) H (M, -T)}

(1) = £95();
op(t)=E,e();

(12)

dh
d_ = kox _kberF(Up);

t
4

djf = ka[V et - @ gh()]

Due to the system of differential equations is rigid
due to the significant difference in the hourly scales of
thermal, mechanical and chemical processes, for its
numerical decoupling, the implicit stable BDF and Radau
methods [34, 35] are used. Numerical modeling using the
Python software environment (NumPy, SciPy, Matplotlib
libraries) is carried out.

The results of numerical modeling and experimental
investigations are presented in Fig. 7. The solid lines
correspond to a numerical model drawn from a reduced,
physically reasonable model. Each line was built with
individual parameters identified for the corresponding
experimental specimen.

40
R, pQ o e
e = wri |
35 /M e
a
7 =—=—Experiment: 5% Cu-Al-Mn == Modeling: 5% Cu-Al-Mn
10 L ——Experiment: 10% Cu-A-Mn = NModeling: 10% Cu-Al-Mn
=== Experiment: without powder Modeling: without powder
) M

Load cycle number
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

Fig. 7. Evolution of the contact resistance in a detachable contact
connection of flat electrical aluminum busbars
(experimental data and simulation)

15

Mathematical derivation of a reduced model with
basic variables: /(t) — oxide melt thickness; A, (f) —
effective contact area; R(f) — transition resistance [36, 37].

Key equations:

D ke —kyy N, (0,

e ()
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dAé’
dtf = k[N et o h o)) (14)
_ Poxh(t)
R()=R, . (15)

Averaging the thermomechanical response (key
step). The temperature and phase state of the SMA
particles change faster than the contact degradation:

o << 7, T4 (16)
Therefore, the cycle-averaged effective strain is
introduced:

At
£ :L e(T(t))dt =&, =const. 17)
(6) - :

0

Similarly:
<F((f ) )> = Fy . (18)
Linearization of the evolution of the oxide film.
Substituting (17) into (13):
dh

5 = or kN pFogr - (19)
We denote:
ap=koxs Pp= kberFef]' . (20)
We get:
h(t) = hy +(ap — Byt - 1)

Quasi-stationary contact area. For 4., we solve (14)
with constant coefficients:

d;f = kg (N po —agh) . (22)
Substituting (21) into (22) and integrating, we obtain:
A ()= Ay +C(1-e7), (23)
where
v~k oy, C~M. (24)
a2y

Derivation of the reduced equation for R(t).
Substituting (21), (23) into (12) and performing the
Taylor series expansion with small deviations:

h(t)
Ay (1)

After grouping the members, we finally obtain a
reduced mathematical model:

R(t)=Ry+at—pB(l-e7), (26)
where R, is the initial contact resistance of the contact
connection, pQ; « is the rate of contact degradation due to
oxidation, uQ/cycle; £ is the integral parameter of the
efficiency of thermomechanical self-cleaning of the
contact by Cu-Al-Mn powder, pQ; y is the intensity of the
thermomechanical effect (effective frequency of
thermocycles), cycle™.

Estimation of confidence intervals of parameters.
Estimation method. Parameters 0 = (R), «, f) were
identified by the least squares method:

=ay+ait—a,(1-e"). (25)

2

N
nglin; [Rexp (1) R(11,0)] - 27)

The covariance matrix is estimated as:

Co=c?Tn™", (28)
where J is the Jacobi matrix.
Tables 3, 4 present the confidence intervals.
Table 3
Confidence intervals CI (95 %). Contact with 10 % Cu-Al-Mn
Parameter Estimation 95 % CI
Ry, pQ2 19,24 [18,9; 19,6]
a, pQ/cycle 0,099 [0,085; 0,113]
B, uQ 1,5 [1,30; 1,70]
Table 4
Confidence intervals CI (95 %). Contact with 5 % Cu-Al-Mn
Parameter Estimation 95 % CI
Ry, nQ 22,1 [21,7;22,5]
a, pQ/cycle 0,135 [0,120; 0,150]
B, 1Q 0,15 [0,05; 0,25]
Conclusion: the parameter f is statistically

significant only at 10 % powder content, which is
consistent with the physics of the process.

The previous theoretical analysis concerned the
processes of heating and cooling of the contact connection
by electric load currents in accordance with the power
consumption schedule. Let us consider a model for
processes with the appearance of short-circuit currents —
pulsed thermal mode.

In the short-circuit mode, the current has a pulsed
nature:

1) =1z, (29)
where [; is the initial (peak) value of the short-circuit
pulsed current; 7; is the time constant of the short-circuit
pulsed current decay.

Thermal equation:

dr

CzhE:[;chme1 —hy(T-Tp).  (30)

The solution gives the peak temperature Tx.
Pulsed destruction of oxide. In (13) we introduce the
pulsed component:

dh
=Kok N F (0,3 ~1) . (D)
where ¢, is the short circuit moment.
Integrating (31), we obtain:
Ay, =~k Ny F (0 (T ) - (32)

Hopping resistance model. After a short circuit
pulse:

R(t;)=R(t;) ~ ARy, ARy > 0; (33)
ARy = KpN pe(Tax) » (34

where Ky is the effective coefficient of electrocontact
conversion of thermomechanical action into resistance
change, Q'm’; ¢, ¢, are the time points before and after
the short circuit.

Analysis of the structure of the mathematical model
and the physical mechanisms embedded in it shows that
under pulsed thermal loads characteristic of short circuit
currents, in a contact connection with an electrical grease
modified with Cu-Al-Mn powder, a short-term decrease
in the transition resistance is possible due to
thermomechanical activation of alloy particles.
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Conclusions.

1. The work uses a multi-level physically based
mathematical model of processes in a detachable
electrical contact connection with electrical grease
modified with Cu-Al-Mn alloy powder with shape
memory effect.

2. The model takes into account the interrelationship of
electrical, thermal, thermomechanical and tribological
processes and describes the evolution of the transition
resistance of the contact connection under conditions of
cyclic electrical loading and emergency modes.

3. It is shown that the introduction of Cu-Al-Mn powder
fundamentally changes the mechanism of electrical contact
degradation: instead of a monotonic increase in the transition
resistance, a mode of competition between oxidation
processes and thermomechanical destruction of oxide films
is realized.

4. Numerical simulations performed using the implicit
stable BDF and Radau methods provided a correct
solution to the rigid system of differential equations and
demonstrated good agreement with experimental data.

5.1t has been experimentally established that at a
concentration of Cu-Al-Mn powder of 10 % by volume,
the maximum effect of reducing and stabilizing the
transition resistance is achieved — up to 45-48 %
compared to a traditional contact connection without
powder.

6. The parameters of the reduced model have a clear
physical meaning, and their identification allows to
quantitatively assess the effectiveness of
thermomechanical self-cleaning of contacts and predict
the long-term reliability of electrical connections.

7. The obtained mathematical model allows to describe
the potential impact of short-circuit pulsed currents on the
state of the electrical contact, which may be the subject of
further experimental research.

8. The results obtained confirm the possibility of
creating a new class of «active electrical contact greases»
capable of thermocyclic self-healing of the contact
surface and slowing down the electrochemical aging of
contact connections.

9. The results obtained can serve as a scientific basis
for conducting full-scale standard tests as the next stage
of research.
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