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Abstract: In a sealed electromagnetic relay, the change in the surface roughness mainly depends
on the collision wear between the contact and the moving reed and the ablation effect of the arc on
the contact surface based on the strong correlation between the contact resistance and the surface
roughness of the Ag-Mg-Ni contact. With a change in contact resistance, the contact temperature
increase in a hermetically sealed electromagnetic relay (HSER) is greatly affected. Under extreme
overload conditions, the contact surface is severely ablated by the arc, and the roughness increases
rapidly with the number of cycles, which greatly affects the contact resistance of the contact surface
and the reliability of the relay. A thermal model of a relay contact system based on the surface
roughness of Ag-Mg-Ni contacts was established in this paper by analyzing the effect of an arc on
the surface roughness of Ag-Mg-Ni contacts under heavy overload conditions. The arc image of the
Ag-Mg-Ni contact was recorded using a double-axis arc photographing platform, and the moving
track of the arc center under overload conditions was drawn. This paper explored the patterns
of arc center movement on the contact surface and the effects of the arc on the surface roughness
of the contacts by analyzing the probabilities of the arc center appearing in various locations. A
mathematical model correlating the number of contact cycles with contact resistance was established.
Subsequently, a finite element simulation model for the equivalent heat source of the contact was
developed. The theoretical model error was less than 10%. The accuracy of the equivalent heat source
model was verified by comparing the measured data with the simulation results.

Keywords: equivalent heat source; arc; HSER; surface roughness

1. Introduction

As the class of relay with the highest reliability, sealed electromagnetic relays have
great airtightness and environmental adaptability when working in a harsh environment.

Under normal working conditions, the main heat sources of a relay include arcing
heat during the transient breaking process, heat from steady-state contact resistance, and
heat from coil energization. Due to the significant enhancement of microhardness and
conductivity, the silver–magnesium–nickel strip alloy after internal oxidation treatment
has excellent electrical conductivity, thermal conductivity, and creep resistance; elastic
properties at a high temperature; and excellent arc erosion resistance and mechanical wear
resistance. Accordingly, the alloy is an indispensable elastic reed and contact material for
electromechanical components such as electromagnetic relays, connectors, and switches [1].
With a low breaking time, the effect of the arc on silver–magnesium–nickel contact is slight.
However, with the increase in breaking time or load level, the impact gradually increases,
and the erosion degree of the arc continues to accumulate, gradually changing the surface
morphology and roughness of the silver–magnesium–nickel contact, resulting in great
changes in the contact resistance, which continuously degrades the contact system, thus

Materials 2024, 17, 5583. https://doi.org/10.3390/ma17225583 https://www.mdpi.com/journal/materials

https://doi.org/10.3390/ma17225583
https://doi.org/10.3390/ma17225583
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://orcid.org/0000-0002-1302-5245
https://doi.org/10.3390/ma17225583
https://www.mdpi.com/journal/materials
https://www.mdpi.com/article/10.3390/ma17225583?type=check_update&version=1


Materials 2024, 17, 5583 2 of 22

losing effectiveness [2–4]. Therefore, the establishment of the equivalent heat source of
thermal relay contact based on the contact surface roughness is important to research.

During the operation and release processes of the relay, when the load voltage exceeds
12–20 V and the load current reaches 0.25–1 A, an arc [5–7] is generated in the Ag-Mg-Ni
contact gap. The arc temperature is extremely high, and the energy contained is also very
high. Due to these characteristics of the arc, the Ag-Mg-Ni contact of the relay is severely
eroded as the arc is generated, leading to the melting of the surface of the silver–magnesium–
nickel contact and a loss of quality. In recent years, numerous scholars have conducted
extensive research on arc characteristics [8–11]. The relationship between arc duration,
contact resistance, and electrode mass loss was obtained in a study of arc generation by
contactors under 0.5-, 0.75-, 1.0-, 1.25-, and 1.5-times load [12]. Under the conditions
of DC 300~1000 V/1000 A, experiments were conducted on the breaking resistance and
arc characteristics of inductive loads with different time constants in the contactors’ self-
magnetic field arc extinguishing chambers. The variation patterns between the arcing
time, breaking voltage, and time constant were obtained [13]. By establishing the MHD
arc simulation model of a metal grid, the movement process of the arc in the grid was
researched, and the relationship between the arc root generation and the electric field
intensity and current density as well as the movement law of the arc was analyzed [14]. The
contact surface micro-morphology was photographed, and the influence of arc energy on
the contact surface micro-morphology was explored by analyzing the arcing and ablation
characteristics of a CuCr55 electrode contact vacuum arc [15].

Generally, the contact resistance of a relay increases with the increase in surface
roughness. Surface roughness refers to the micro-geometric characteristics composed of
small spacing and peak valleys on a machined surface. A commonly used roughness
measurement is the arithmetic mean roughness value RA. Other commonly used roughness
parameters include RV (maximum contour valley depth), RZ (maximum contour height),
and RQ (root mean square deviation of contour) [16–18]. The surface roughness model
was first developed by Greenwood J. A, and other scholars proposed and established the
Greenwood–Williamson contact model. Based on the G-W model, scholars continue to
optimize the finite element model to make up for the defects of the roughness model. The
surface roughness model is also being optimized [19–22]. The relationship between the
contact resistance and the arithmetic mean Ra of the rough surface profile is derived based
on the modified G-W model [23]. The correlation between the surface roughness parameters
and the contact resistance of dynamic and static contacts was analyzed using the gray
correlation analysis method. The correlation between the surface roughness of dynamic
and static contacts and the contact resistance was strong, and the correlation between
the surface morphology of dynamic contacts and the contact resistance was stronger [24].
A correlation model between the three-dimensional shape parameters and the contact
resistance was established by collecting the three-dimensional shape information and SEM
(scanning electron microscope) images of the contact surface and using the gray correlation
analysis method to screen the shape parameters. This model was combined with a BP
neural network [25].

The working temperature of the relay also rises with the release of a large amount
of heat. At a high temperature, the conductivity of relay contact changes greatly, and the
deterioration degree of the contact surface is increased, which greatly affects the life of
the relay [26]. In recent years, numerous scholars have conducted extensive research on
the thermal contacts of relays [27–30]. The steady-state heat of the magnetic holding relay
was analyzed through ANSYS Workbench 17.0 software, and the distribution of Joule heat
between the contact surfaces was obtained when the contact surfaces changed with the
current level after repeated short-term work [31]. A theoretical analysis method of the
contact pressure, loop resistance, and contact temperature rise of the electromagnetic relay
contact spring system was proposed, and the mathematical relationship between the push
rod stroke and the contact pressure, loop resistance, and the contact temperature rise was
established. A mechanical–electrical–thermal direct coupling simulation analysis method
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of a contact spring system based on COMSOL multiphysics finite element software was
built [32].

The research on the influence of relay surface roughness on the contact temperature
rise and the establishment of the equivalent heat source model based on roughness are not
only of great significance for predicting relay life but also provide an important reference
for optimizing relay structure. This is helpful in reducing the contact temperature rise,
improving reliability, and prolonging the life of relays.

The effect of the arc on the surface roughness of Ag-Mg-Ni contact was studied in this
work, and the thermal model of the relay contact system based on the surface roughness of
Ag-Mg-Ni contact was established. The arc images of the Ag-Mg-Ni contact were recorded
using an arc camera system, and a moving track of the arc center under overload conditions
was drawn. The arc movement law and the influence of the arc on the surface roughness
of the contact were studied by calculating the probability of the arc center appearing in
different positions. The contact cycles–contact resistance model was established. Then,
the finite element simulation model of the equivalent heat source was established, and the
measured data were compared with the simulation results. The structure of this paper is
shown in Figure 1.
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2. Influence of Contact Arc of Sealed Electromagnetic Relay on Surface Roughness
2.1. Composition and Construction of Double-Axis Arc Photographing Platform

No less than two-dimensional synchronous observation is required to capture the
motion trajectory of an arc. Therefore, the double-axis arc photographing platform for the
test was mainly composed of two high-speed cameras, a relay reed push and synchronous
signal device, two computers, a load box, a sodium lamp, and two power supply groups.

The relay contact system was fixed on the fixture of the relay reed pushing mechanism,
and two high-speed cameras were set up on the front and side dimensions of the contact
system to capture the arc tracks on the front and side for later data processing. The frame
rate of the high-speed cameras was set to 40,000 FPS. Due to the short exposure time
and very dark image, the relay base plate was directly exposed using the white sodium
lamp to improve the brightness of the image. The Ag-Mg-Ni contacts of the relay were
loaded, and the operation and release between the Ag-Mg-Ni contacts were achieved using
another power supply to control the relay reed pushing mechanism. The structure of the
double-axis arc photographing platform is shown in Figure 2.
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Figure 2. Overload double-axis arc photographing platform.

2.2. Analysis of Arc Dynamic Process and Drawing of Arc Trajectory

Due to the extremely short arcing time, the arc images of the relay during operation
and release states were recorded using high-speed cameras, and the arc images were
rendered into an image sequence according to the frame numbers. The position of each
arc’s burning center was calculated in proportion to the size of the Ag-Mg-Ni contact.

The arc images of the NO contact of the relay captured by high-speed cameras are
shown in Figures 3 and 4.
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Figure 3. Direct view (side) of arc image in positive Y direction of NO contact: (a) is the arc image at
frame 0 (arcing point); (b) is the arc image at frame 6 (0.15 ms); (c) is the arc image at frame 12 (0.3 ms);
(d) is the arc image at frame 15 (0.38 ms).
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Figure 4. Direct view (front) of arc image in positive X direction of NO contact: (a) is the arc image at
frame 0 (arcing point); (b) is the arc image at frame 6 (0.15 ms); (c) is the arc image at frame 12 (0.3 ms);
(d) is the arc image at frame 15 (0.38 ms).

The following coordinate axes were established to determine the specific position of
the arc trajectory and draw a two-dimensional arc trajectory diagram: the corner of the
contact is the origin, the side length of the front of the contact is the Y axis, and the side
length of the contact is the X axis, as shown in Figure 5.
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Figure 5. Schematic diagram of coordinate axis direction.

Taking the coordinate axis as the reference platform, the arc images were processed
according to the scale and contact size. The partial data for the arc center position on the
surface of the NO contact were obtained as shown in Table 1.

Table 1. Position of NO contact arc on coordinate axis.

Frame
Number

Left End
of X Axis

(mm)

Right End
of X Axis

(mm)

Center of
X Axis
(mm)

Left End
of Y Axis

(mm)

Right End
of Y Axis

(mm)

Center of
Y Axis
(mm)

1 0.990 1.260 1.125 0.968 1.232 1.100
2 0.945 1.260 1.103 0.939 1.203 1.071
3 0.900 1.215 1.058 0.968 1.173 1.071
4 0.855 1.215 1.035 1.027 1.261 1.144
5 0.900 1.260 1.080 0.968 1.203 1.086
6 0.765 1.215 0.990 0.909 1.261 1.085
7 0.810 1.350 1.080 0.997 1.232 1.115
8 0.855 1.350 1.103 0.997 1.320 1.159
9 0.900 1.305 1.103 0.821 1.232 1.027

10 0.765 1.305 1.035 0.909 1.203 1.056
11 0.945 1.305 1.125 1.056 1.291 1.174
12 0.900 1.350 1.125 1.027 1.261 1.144
13 0.945 1.350 1.148 1.027 1.232 1.130
14 0.810 1.305 1.058 0.880 1.203 1.042
15 0.945 1.260 1.103 0.909 1.203 1.056
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Based on the above arc center trajectory data, the arc center scatter distribution diagram
was drawn, as shown in Figure 6.
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As shown in Figure 6, the center point of the arc is almost concentrated in a certain
region on the contact. According to the analyzed arc images, the region is the contact region
between the movable reed and the contact convex part. In this region, the distribution law
of the arc center is that the arc center is distributed symmetrically along the centerline. The
closer to the centerline, the denser the distribution of the arc center and the greater the
probability of its occurrence. On the contrary, the farther away from the centerline, the
sparser the distribution of the arc center and the smaller the probability of its occurrence.
According to the above data, the position of the arc center follows a certain rule: it mainly
appears near the contact point between the contact and the movable reed and changes
with the contact morphology. As the contact points of the reed and the contact move
continuously, they appear near the corresponding new contact points, and the connecting
lines of these contact points are regarded as the centerline.

The arc center trajectory of the dynamic contact was drawn based on the position of
the dynamic contact arc in the coordinate axis in Table 1, as shown in Figure 7.
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Considering the radius of the ablation region of the arc on the contact surface, the
region is approximately circular in the plane. The distribution diagram of the arc ablation
region on the NO contact was drawn, as shown in Figure 8.
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The contact surface morphology was photographed to verify whether the arc center
trajectory and arc ablation region distribution map drawn based on the image conform to
the actual distribution and to judge the center trajectory error. The specific morphology of
the contact surface was photographed under an optical microscope.

A comparison of the arc center trajectory and arc ablation region distribution of the
NO contact with the contact morphology is shown in Figures 9 and 10.

Assuming that the arc energy is mainly concentrated in the arc center, the arc center
is the main factor causing the center contact ablation. The accuracy of the moving tra-
jectory can be determined by comparing the coincidence of the arc center trajectory and
contact ablation.

According to Figure 10, the contact surface ablated by the arc is obviously uneven. The
inner material of the most severely ablated region is exposed. Black spots are also visible
on the contact surface, which are judged to be the black oxide layer that formed on the
contact surface material at a high arc temperature.

By overlapping the arc center trajectory and arc region distribution with the ablated
region, the arc center trajectory basically coincides with the most severely ablated region
on the contact surface, the error of which is less than 10%. This image is regarded as
an approximate objective reflection of the arc center movement trajectory on the contact
surface. Most of the black oxidation region on the contact surface is also covered by the
distribution map of the arc ablation region.
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Figure 10. Comparison of arc ablation distribution of NO contact: (a) is a photograph of the contact
morphology; (b) is the comparison between the arc ablation distribution and contact.

2.3. Influence of Arc on Contact Surface Roughness

According to the above analysis, the arc center is mainly concentrated near the contact
point between the contact and the NO reed. The occurrence probability of the arc center in
each region was analyzed for different numbers of relay cycles to determine the movement
of the arc center trajectory and to describe the movement law of the arc center.

Take the arc center trajectory diagram of the dynamic contact with different numbers
of cycles as an example for meshing. The image after meshing is shown in Figure 11.
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Figure 11. Arc center trajectory distribution for different numbers of cycles of NO contact: (a) is
the arc center trajectory distribution after 20 cycles; (b) is the arc center trajectory distribution after
40 cycles; (c) is the arc center trajectory distribution after 60 cycles; (d) is the arc center trajectory
distribution after 80 cycles; and (e) is the arc center trajectory distribution after 100 cycles.
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According to Figure 11, the arc center is entirely concentrated in a certain region in
the center of the NO contact. With an increase in the number of cycles, the arc center is
obviously more concentrated in a small region with reciprocating movement, occasionally
moving outward. The occurrence probabilities of an arc center in the grid region of the NO
contact part are shown in Table 2.

Table 2. Occurrence probabilities of an arc center in the region.

X-Axis
(mm)

Y-Axis
(mm)

20 Times
(%)

40 Times
(%)

60 Times
(%)

80 Times
(%)

100 Times
(%)

1.0–1.1 1.0–1.1 22.22 16.38 11.65 11.09 10.75
1.0–1.1 1.1–1.2 17.95 14.22 13.35 12.15 11.09
1.1–1.2 1.0–1.1 15.38 21.12 21.59 22.39 25.26
1.1–1.2 1.1–1.2 16.24 14.22 15.34 17.06 15.36
1.1–1.2 1.2–1.3 8.55 7.76 7.10 6.61 6.31
1.2–1.3 1.0–1.1 5.13 5.60 7.95 7.89 8.87
1.2–1.3 1.1–1.2 3.42 4.31 4.26 4.90 4.95

According to the table data, the fitting function is obtained using the second-order
exponential method. The occurrence rule of the arc center was analyzed with the fitting
function, and the fitting curve is shown in Figure 12.
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According to Figure 12, the arc center is offset in the continuous cycles of the relay. In
the regions of (1.0–1.1, 1.0–1.1), (1.0–1.1, 1.1–1.2), and (1.1–1.2, 1.2–1.3), the probability of
occurrence gradually decreases with the increase in the number of cycles. The probability
of occurrence in the region of (1.1–1.2, 1.1–1.2) is relatively stable and is maintained within
a certain range. In the regions of (1.1–1.2, 1.0–1.1) and (1.2–1.3, 1.0–1.1), with the increase
in the number of cycles, the probability of occurrence gradually increases. Compared to
the static contact points, the distribution region of the arc center exhibits slight differences.
However, the overall trend in the probability of the appearance of an arc center is similar to
that of the static contact points, with arc ablation energy becoming increasingly concen-
trated. The effect of the ablation degree of the arc on the contact surface is not linear, but
with an increase in the number of cycles, the ablation becomes increasingly pronounced.
The impact of the arc on surface roughness is initially small and then gradually increases,
eventually stabilizing.

Based on the actual measured average roughness of the contact surface, taking a
2-times load as an example, the average roughness of the contact surface changes by 0.0965
when the contact is actuated 20 to 40 times, by 0.2598 when actuated 40 to 60 times, by
0.1918 when actuated 60 to 80 times, and by 0.1918 when actuated 80 to 100 times, which is
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consistent with the above pattern. Under 4-times and 6-times loads, the average roughness
change of the contact surface also follows the trend.

3. Establishment of the Equivalent Heat Source Model Based on Surface Roughness
3.1. Measurement of Contact Surface Roughness

The contact surface is not a smooth plane but a rough surface with irregularities. When
in contact with the movable reed, the actual contact region between the contact and the reed
is significantly smaller than the ideal contact region. Therefore, the contact resistance does
not remain unchanged as expected but varies with the roughness, leading to changes in the
contact temperature rise. To investigate the variations in the actual contact temperature
rise, the contact surface roughness was measured, and the true morphology of the contact
was objectively reflected through the average surface roughness.

The surface roughness of relay contacts was scanned using a laser confocal scanner
under 2-, 4-, and 6-times load with 20, 40, 60, 80, and 100 cycles of operation. The surface
roughness of relay contacts without any cycles of operation was also photographed.

A three-dimensional scanning image of the overall morphology of the 6-times load
contact is shown in Figure 13.
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Figure 13. Three-dimensional scanning panorama of contact morphology: (a) is the contact mor-
phology of the relay contact without any cycles of operation; (b) is the contact morphology after 
100 cycles under 6-times load. 

Figure 13. Three-dimensional scanning panorama of contact morphology: (a) is the contact morphol-
ogy of the relay contact without any cycles of operation; (b) is the contact morphology after 100 cycles
under 6-times load.

According to Figure 13, compared to the contact without ablation, a distinct layer is
formed on the contact surface after arc ablation. After multiple cycles, ablation marks are
formed on the contact surface. The surface roughness undergoes significant change. The
impact of the arc on the contact surface is objectively reflected by scanning the average
roughness of the contact surface.

The complete image of the contact after 100 cycles under 6-times load is shown in
Figure 14.
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The surface region of the contact after 100 cycles and without cycles under 6-times
load was magnified by 10 times. The specific condition of the contact surface with the
movable reed is shown more clearly in Figure 15.
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Figure 15. Surface morphology of the ablation region magnified 10 times: (a) is the surface morphol-
ogy without cycles; (b) is the surface morphology after 100 cycles under 6-times load.

As shown in Figure 15, the surface morphology is relatively smooth and flat, although
there are some oxidized spots on the contact without cycles. Under 6-times load, a layer of
melted marks is seen on the contact surface after arc erosion, the surface of which is uneven.

The precision of the average surface roughness data was improved by conducting a
more detailed scan by amplifying the surface roughness of the ablation region, as shown in
Figure 16.
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Figure 16. Surface roughness scanning of the contact ablation region for 100 cycles of a 6-times
load cycle.

3.2. Measurement of the Contact Surface Roughness

Based on the surface roughness data, the variation in roughness aligns with the
analysis from the previous section. As the number of cycles increases, the rate of roughness
change gradually accelerates. However, once the roughness achieves a certain threshold,
the rate of change stabilizes. Additionally, when the roughness attains a certain level, the
rate of change slows down compared to previous intervals of fixed action numbers. The
internal material of the contact is eroded by the arc due to the complete ablation of the
contact surface coating. Since the internal materials have more stable physical properties,
they are relatively consistently and less severely affected by arc erosion. Therefore, for
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varying levels of load, the higher the load level, the greater the roughness. Below a certain
level, the change in roughness is greater, and the number of cycles required to reach the
roughness threshold is reduced.

Taking 6-times load as an example, the surface roughness data and the number of
cycles were fitted, as shown in Figure 17.
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Due to the minimal error in fitting with a second-order power function, the roughness
variation function at 6-times load and 100 cycles is as follows.

Ra = 0.0121x0.9465 + 0.2178 (1)

The change rule of the relay contact resistance within 100 actions was predicted
according to the changing trend in surface roughness under different load levels within
100 cycles, which is based on the above model. After 100 relay cycles, the maximum surface
roughness is 1.1339, and the upper limit of subsequent changes in surface roughness is
uncertain. Therefore, the model demonstrated high accuracy only within 100 cycles.

3.3. Establishment of Contact Cycles–Contact Resistance Model

The factors affecting the contact resistance of the relay contact surface are the contact
pressure, contact material, and surface roughness. As mentioned above, the contact between
the contact and the movable reed is not regarded as a contact between smooth planes. At
the micro-level, the contact surfaces are regarded as bulges of different heights. When
the contact point makes contact with the movable reed, the higher micro-convex body
is the first area to make contact. Under a certain contact pressure, the deformation of
micro-protrusions on the contact surface is limited, and the movable reed contacts with
micro-protrusions within a certain range of heights comprise the actual contact region.
Therefore, the contact region is influenced by the contact surface morphology. In fact, as
the number of contact cycles increases, the contact surface roughness changes due to the
erosion by the arc. Correspondingly, the surface morphology and the height difference of
the surface microstructure are altered, leading to the change in the actual contact region
during contact.

The surface state of the contact is objectively reflected by the average roughness Ra
of the contact surface, which represents the normal average value from each point on the
rough surface contour to the centerline. According to ISO 4287 [33], the formula is defined
as follows:

Ra =
1
l

∫ l

0
|z(x)|dx (2)

Based on the contact cycle frequency–surface roughness model, a contact cycles–
contact resistance model was derived from the relationship between contact resistance and
surface roughness.
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The general definition of contact resistance is as shown in Equation (3) [34]:

Rj =
ρ

2a
(3)

where ρ represents resistivity, and a represents contact radius.
In Equation (3), the conductive spot is regarded as the sum of micro-indentations on

the contact surface in contact with the movable reed. However, the radius of the conductive
spot is generally difficult to measure directly.

Based on the measured average surface roughness, assuming the radius of the con-
tacting ball remains constant and the contact pressure is nearly unchanged, the contact
resistance of the contact surface is calculated using the empirical Equation (4):

Rj =
0.451

(
θRa

β
)

G 3
√

Fr0
E

(4)

where G represents the conductivity of the contact material, Ra represents the average
roughness of the contact surface, E represents the elastic modulus of the contact material, F
represents the contact pressure between the movable reed and the contact, r0 represents the
contact sphere radius between the movable reed and the contact, and θ and β represent the
correction factor.

Assuming the contact pressure is constant, the radius of the contacting sphere is
approximately unchanged. The formula for a certain specific contact material with a fixed
conductivity and elastic modulus is approximated as a power function:

Rj = kRa
α (5)

where k and α represent constants. k is measured experimentally or via calculation based
on parameters such as the relay contact material and contact pressure. For the HSER in
this paper, k is approximately 43.4, and α = 0.51. Ra is regarded as a function of the average
surface roughness and the number of cycles. Therefore, for different loads, the functional
relationship between the contact resistance of the relay and the number of cycles within
100 cycles is as follows.

For the 2-times load,

Rj = k(0.0067x1.0533 + 0.1039)
α

(6)

For the 4-times load,

Rj = k(0.0159x0.8935 + 0.0934)
α

(7)

For the 6-times load,

Rj = k(0.0121x0.9465 + 0.2178)
α

(8)

The following image was drawn according to the data calculated with the above model.
According to Figure 18, with an increase in the number of cycles, the rise in speed of

contact resistance first tends to be faster and is then slower and tends to be stable. The trend
in contact resistance is similar to that of the contact surface roughness, which conforms to
the change law between contact resistance and roughness. Under different load conditions,
the contact resistance is increased with an increase in load level, which is in line with
the microscopic mechanism of electrical contact changes. However, in the case of low
numbers of cycles, the calculated contact resistance results exhibit differences from the
microscopic mechanism.

The contact resistance calculated with the model was compared with the measured
contact resistance data, as shown in Table 3.
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Table 3. Comparison of contact resistance between theoretical model and experimental results for
different loads and numbers of cycles.

Number of
Cycles

2-Times Load 4-Times Load 6-Times Load
Theoretical

Model (mΩ)
Experiment

(mΩ)
Error
(%)

Theoretical
Model (mΩ)

Experiment
(mΩ)

Error
(%)

Theoretical
Model (mΩ)

Experiment
(mΩ)

Error
(%)

0 15.52 20.55 −24.48 14.59 21.06 −30.72 19.95 20.49 −2.64
20 22.44 22.24 0.90 25.55 24.55 4.07 28.01 27.11 3.32
40 27.40 25.37 8.00 31.67 29.82 6.20 33.87 34.76 −2.56
60 31.39 29.16 7.65 36.35 36.47 −0.33 38.76 41.5 −6.60
80 34.78 32.82 5.97 40.26 41.65 −3.34 43.03 45.45 −5.32

According to Table 3, when the number of cycles is between 20 and 100, the contact
resistance calculated with the theoretical model is close to that of the experimental results,
with an error of less than 10%. However, a contact resistance between 0 and 20 times
increases the likelihood of error, which may be caused by the oxide film on the contact
surface without any cycles of operation or by the metal coating on the contact surface. After
the contact action, the surface oxide film melts, and the metal coating is completely eroded,
resulting in significant differences in the contact resistance calculation at a low number of
cycles. Due to the small change in contact resistance at lower numbers of cycles, a contact
resistance of 20 times was used as a reference.

4. Establishment of Equivalent Heat Source Model and Finite Element Simulation of
Contact Temperature Rise

The contact resistance for different loads and different numbers of cycles is calculated
with the theoretical model of contact cycles–contact resistance. The temperature rise of
the relay contact is derived based on the contact resistance and load current. The contact
resistance is substituted into the finite element model to calculate the contact temperature
rise of the contact system under different loads. The simulation model is a dynamic spring
contact system, and the CAD model is shown in Figure 19.
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4.1. Establishment of Equivalent Heat Source Model

The equivalent heat source model was established based on the contact action fre-
quency–contact resistance model, and the principle is as follows:

Assuming that the heat source of the HSER is mainly Joule heating, which, based on
the Joule thermal law of resistance, is generated by the contact resistance Rj of the HSER
during the operating time, ∆t is calculated for a certain current I, as shown in Equation (9).

Q = I2Rj∆t (9)

Assuming that the heat is hardly dissipated due to the fast action of the HSER, as the
number of cycles of the HSER increases, the total heat is the sum of the heat generated by
the contact resistance Rjn within the operating time ∆tn of each action. For k cycles, the
total heat generated by the contact system is shown in Equation (10):

Q =
k

∑
n=0

I2Rjn∆tn (10)

A relationship is established between temperature T and contact resistance Rj, based
on the heat transfer formula:

Q = CM∆T (11)

k

∑
n=0

I2Rjn∆tn = CM∆T (12)

Under the conditions of a constant load current, contact time, and initial temperature,
based on the variation law of contact resistance Rjn, Equation (12) is simplified as (13):

I2Rjkt = CM∆T (13)

where Rjk represents the average of the contact resistance Rj within k cycles, t represents
the total contact time within k cycles, and I represents the load current. The specific heat
capacity C is a constant for the same contact.

Assuming the mass M of the HSER constant and the initial temperature is Tc, the heat
source temperature T is calculated with the following formula:

∆T =
Rjk · t · I2

CM
(14)

T = ∆T + Tc (15)

Based on Equation (15) and the contact cycles–contact resistance model, the heat
source temperature of the HSER is calculated for different numbers of cycles under 2-, 4-,
and 6-times load. The temperature distribution between the movable reed and the contact
was simulated.

4.2. Establishment and Analysis of Contact Temperature Rise Simulation Model

The model of the movable reed and contact was established. This model involves a
certain type of HSER, as shown in Figure 20. The static contact model was meshed, as
shown in Figure 21.

The boundary conditions of the model are as follows, 4 A 28 V DC, 8 A 28 V DC, and
12 A 28 V DC. The equivalent heat source is loaded on the contact between the contact
and the movable reed, and the contact temperature rise is calculated for different numbers
of cycles.

The temperature cloud map of the movable reed and contact and the contact tempera-
ture rise is calculated.



Materials 2024, 17, 5583 16 of 22

Materials 2024, 17, x FOR PEER REVIEW 16 of 23 
 

 

2
jkI tR CM T= Δ  (13) 

where jkR  represents the average of the contact resistance Rj within k cycles, t represents 
the total contact time within k cycles, and I represents the load current. The specific heat 
capacity C is a constant for the same contact. 

Assuming the mass M of the HSER constant and the initial temperature is Tc, the heat 
source temperature T is calculated with the following formula: 

2
jk t IR

T
CM

⋅ ⋅
Δ =  (14) 

cT T T= Δ +  (15) 

Based on Equation (15) and the contact cycles–contact resistance model, the heat 
source temperature of the HSER is calculated for different numbers of cycles under 2-, 4-, 
and 6-times load. The temperature distribution between the movable reed and the contact 
was simulated. 

4.2. Establishment and Analysis of Contact Temperature Rise Simulation Model 
The model of the movable reed and contact was established. This model involves a 

certain type of HSER, as shown in Figure 20. The static contact model was meshed, as 
shown in Figure 21. 

 
Figure 20. Dynamic reed–contact simulation model. 

 
Figure 21. Dynamic reed–contact meshing model. 

The boundary conditions of the model are as follows, 4 A 28 V DC, 8 A 28 V DC, and 12 
A 28 V DC. The equivalent heat source is loaded on the contact between the contact and the 
movable reed, and the contact temperature rise is calculated for different numbers of cycles. 

The temperature cloud map of the movable reed and contact and the contact temper-
ature rise is calculated. 

Selection of the endpoint of the contact to measure the temperature rise is considered 
an approximation of the contact pin temperature to compare it with the experimental tem-
perature rise, as shown in Figure 22. 

Figure 20. Dynamic reed–contact simulation model.

Materials 2024, 17, x FOR PEER REVIEW 16 of 23 
 

 

2
jkI tR CM T= Δ  (13) 

where jkR  represents the average of the contact resistance Rj within k cycles, t represents 
the total contact time within k cycles, and I represents the load current. The specific heat 
capacity C is a constant for the same contact. 

Assuming the mass M of the HSER constant and the initial temperature is Tc, the heat 
source temperature T is calculated with the following formula: 

2
jk t IR

T
CM

⋅ ⋅
Δ =  (14) 

cT T T= Δ +  (15) 

Based on Equation (15) and the contact cycles–contact resistance model, the heat 
source temperature of the HSER is calculated for different numbers of cycles under 2-, 4-, 
and 6-times load. The temperature distribution between the movable reed and the contact 
was simulated. 

4.2. Establishment and Analysis of Contact Temperature Rise Simulation Model 
The model of the movable reed and contact was established. This model involves a 

certain type of HSER, as shown in Figure 20. The static contact model was meshed, as 
shown in Figure 21. 

 
Figure 20. Dynamic reed–contact simulation model. 

 
Figure 21. Dynamic reed–contact meshing model. 

The boundary conditions of the model are as follows, 4 A 28 V DC, 8 A 28 V DC, and 12 
A 28 V DC. The equivalent heat source is loaded on the contact between the contact and the 
movable reed, and the contact temperature rise is calculated for different numbers of cycles. 

The temperature cloud map of the movable reed and contact and the contact temper-
ature rise is calculated. 

Selection of the endpoint of the contact to measure the temperature rise is considered 
an approximation of the contact pin temperature to compare it with the experimental tem-
perature rise, as shown in Figure 22. 

Figure 21. Dynamic reed–contact meshing model.

Selection of the endpoint of the contact to measure the temperature rise is considered
an approximation of the contact pin temperature to compare it with the experimental
temperature rise, as shown in Figure 22.
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Figure 22. Schematic diagram of the measured point.

A temperature cloud map was generated by simulating the temperature rise of each
part. The temperature rise cloud diagram of an HSER with 20 cycles under 6-times load is
taken as an example, as shown in Figure 23.
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Figure 23. Simulated temperature cloud map: (a) is the temperature cloud map at 0 s (the beginning
of the heat transfer); (b) is the temperature cloud map at 0.5 s (during the heat transfer); (c) is the
temperature cloud map at 1.0 s (during the heat transfer); (d) is the temperature cloud map at 2.0 s
(the end of the heat transfer).

From Figure 24, it can be observed that the final temperature at the measured point is
379.17 K (106.02 ◦C) of 20 cycles under 6-times load.

Following the above process, the temperature rise of the measured point for 20, 40, 60,
80, and 100 cycles of the HSER under 2-, 4-, and 6-times load was calculated.
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5. Experiment and Analysis of Temperature Rise in Contact System
5.1. Composition and Establishment of Thermal Characteristic Testing System

The thermal characteristic testing system is mainly composed of a high-reliability relay
life analysis system and a multi-channel temperature recorder. The overall system structure
of the thermal characteristic testing system is shown in Figure 25.
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Figure 25. The system structure of the thermal characteristic testing system.

The main measurement contents are as follows: a temperature rise curve of 10,000 cy-
cles under rated load for analyzing the temperature change of the relay and a temperature
rise curve of 100 cycles under 2-, 4-, and 6-times load to verify the accuracy of the contact
cycle–contact resistance model.

The pin of the movable reed in the NO contact set, the pin of the steady reed in the
NO contact set, the pin of the movable reed, and the pin of the positive pole of the coil
were used to connect the thermocouples to the case, and the temperature rise of the HSER
was measured.

5.2. Temperature Rise Experiments of HSER Under Rated Load

Firstly, the temperature rise of a certain model of an HSER under rated load was
measured, and the temperature rise changes of the HSER were analyzed. The law of change
is summarized. The environment temperature was 25.4 ◦C.

The load was 28 V/2 A, the coil voltage was 28 V/1 A, the number of cycles was
10,000, and the total time was 10,000 s. The temperature of each part is shown in Figure 26.
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Figure 26. Temperature curve for 10,000 cycles under rated load (2 A).

As shown in Figure 26, the temperature of each part is increased first, and after a
certain period, the temperature tends to stabilize. When cycles continue after reaching
the stable temperature, the temperature of each part fluctuates slightly with the stable
temperature, and an overall steady state is attained.

5.3. HSER Experiments Under Overload Conditions

The temperature rise characteristics of the HSER are summarized by measuring the
temperature rise under rated load. To verify the accuracy of the theoretical model, the
transient temperature was measured after 100 cycles under 2-, 4-, and 6-times loads. The
environment temperature was 25.4 ◦C.

The loads were 28 V/4 A, 28 V/8 A, and 28 V/12 A; the number of cycles was 100;
and the total time was 100 s. The temperature of each part is shown in Figure 27.
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Figure 27. Transient temperature curve for 100 cycles under different loads: (a) is the transient
temperature curve under 2-times load (4 A); (b) is the transient temperature curve under 4-times load
(8 A); (c) is the transient temperature curve under 6-times load (12 A).

The transient temperature of the HSER is a zigzag upward trend with an increase in
relay action time. The greater the load, the faster the temperature rises. Under 2-times
load, each part of the relay reaches a steady state. Finally, the temperature of the steady
reed in the NO contact set is the highest, and the temperature of the movable reed and
the movable reed in the NO contact set are similar, both higher than the temperature of
the positive pole of the coil. Under 4-times load, the temperature trend of each part is
similar to that of 2-times load, but due to the increase in the load, the steady reed in the
NO contact set quickly reaches a steady state. Under 6-times load, the steady reed in the
NO contact set and movable reed reach a steady state first, followed by the movable reed
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in the NO contact set. The positive pole of the coil does not achieve a steady state. The
temperature of the movable reed and steady reed in the NO contact set is increased the
most, the rising speed of which is the fastest. Assuming that the load is too large, the heat
dissipation of the movable reed is far lower than that of the current under the influence of a
large current. With the same number of cycles, the temperature of each part under 6-times
load is significantly higher than that under 4-times load.

5.4. Experimental Verification of Equivalent Heat Source Model

The equivalent heat source model based on surface roughness was substituted into the
finite element simulation model, and the temperature rise of the contact pin was calculated.
This provided data support for the validation of the equivalent heat source model.

The contact temperature rise according to the theoretical equivalent heat source model
above was compared with the experimental results, as shown in Table 4.

Table 4. Comparison of contact temperature rise between theoretical model and experimental results
for different loads and numbers of cycles.

Number of
Cycles

2-Times Load 4-Times Load 6-Times Load
Theoretical
Model (◦C)

Experiment
(◦C)

Error
(%)

Theoretical
Model (◦C)

Experiment
(◦C)

Error
(%)

Theoretical
Model (◦C)

Experiment
(◦C)

Error
(%)

20 28.6 30.1 −4.98 39.5 41.8 −5.5 106.0 103.8 2.12
40 29.4 31.6 −6.96 42.8 45.8 −6.55 125.4 117.9 6.36
60 31.5 32.8 −3.96 56.2 56.9 −1.23 135.8 127.4 6.59
80 33.5 33.4 0.30 61.6 57.2 7.69 141.9 132.1 7.42
100 36.8 34.5 6.67 62.8 57.8 8.65 143.4 135.7 5.67

According to Table 4, the error between the contact temperature rise according to the
equivalent heat source simulation and that of the experimental results is less than 10%. The
equivalent heat source model is considered a more accurate description of the change law
of the contact temperature rise with the number of relay cycles.

6. Discussion

In this paper, the arc center trajectory and the arc ablation region distribution were col-
lected via the experimental method firstly. The movement law of the arc was summarized.
The influence of the arc on the surface roughness of the contact was analyzed. Based on
the collected surface roughness data and the relationship between the contact resistance
and the surface roughness, the equivalent heat source model of thermal relay contact based
on the surface roughness of silver–magnesium–nickel contact was established, and the
accuracy of the model was verified through the experiment.

The equivalent heat source model of thermal relay contact based on the surface
roughness of silver–magnesium–nickel contact in this paper can be used for calculating
the contact temperature rise of silver-based contact relays under high overload conditions.
Compared to the traditional calculation of the contact resistance, the real situation of the
contact surface was more accurately simulated via the theoretical model in this paper
through introducing surface roughness variables, making the calculation of the contact
resistance more realistic.

Under different loads for the mathematical model of the contact resistance in this
paper, the contact resistance increases with the increase in load level, which conforms
to the microscopic mechanism of electrical contact changes. However, in the case of
low action cycles, the calculated results of the contact resistance were different from the
microscopic mechanism.

The research in this paper was limited to experimental conditions, such as the resolu-
tion of high-speed cameras and scanning electron microscopes of roughness and methods
of image processing. The frame rate of clear arc images under the same arcing time was
affected by the resolution of high-speed cameras. More arc captures were collected via
higher resolution high-speed cameras. The accuracy of the contact surface roughness data
and the precision of surface morphology were affected by the resolution of roughness
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scanning electron microscopy. More accurate surface roughness data and more realistic
surface morphology were collected via higher resolution scanning electron microscopy. In
this paper, the arc trajectory and ablation area on the contact surface were extracted via
the contour extraction of the image processing software. On this basis, the step of image
preprocessing can be added, such as gray transformation enhancement. The arc trajectory
and the ablation region were more accurate through image segmentation methods such
as region growing algorithms. In the future, the above aspects can be improved to further
optimize the model.

Based on the research in this paper, the model was expanded into other mathematical
models and optimized to be more universal by changing the experimental conditions. For
example, the experimental ambient temperature in this paper is 25.4 ◦C. By increasing or
decreasing the experimental ambient temperature, the micro mechanism was analyzed to
establish new mathematical models for different ambient temperatures or the expanded
mathematical model combining the experimental data in this paper. Similarly, the changed
factors were the experimental atmosphere, the breaking speed, the contact pressure, the
contact material, etc. The research object of this paper was the contact between spheres
and planes. Other contact shapes such as plane to plane, sphere to sphere, or spheres with
different radii can be researched under the same experimental conditions.

7. Conclusions

The arc center trajectory and arc ablation region distribution were drawn by building
a two-dimensional synchronous double-axis arc photographing platform. Compared with
the experimental results, the error is less than 10%. The movement law of the arc was
determined by calculating the probability of an arc center appearing in different positions.
The nonlinear characteristics of the influence of the arc on the contact surface roughness
was predicted.

A mathematical model of the contact cycles–surface roughness was established. On
this basis, a mathematical contact cycles–contact resistance model was established through
the relationship between the contact resistance and surface roughness. According to
thermodynamic equations, the equivalent heat source model for thermal relay contact
based on contact surface roughness was established. By substituting the model into the
FEM model, the contact temperature rise of an HSER with different loads and numbers of
cycles was calculated, and the theoretical model error was less than 10%.

Based on the thermal characteristic testing system, the temperature rise of the relay
contact under rated load and overload conditions was measured, and the trend in the relay
working temperature change was summarized. The accuracy of the equivalent heat source
model was verified by comparing the experimental data with those of the simulation.

In future work, the arc trajectory can be upgraded from two-dimensional to three-
dimensional, further accurately summarizing the arc movement law. The optimization of
relay structure design and the prediction of relay lifespan are of greater significance.
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