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Abstract: Understanding the melting of the deposited layer is crucial for the armature’s melting
process and sliding electrical contact performance. This study first establishes contact models for both
the boundary lubrication state (BLS) and squeezed-film lubrication state (SFLS). A three-dimensional
magnetic diffusion model is then constructed to simulate interface current distribution in these contact
states. It is discovered that the maximum current density on the surface of the armature shows a
decreasing trend as the thickness of the deposited layer grows. Then, a calculation model for the
deposited layer’s melting thickness under BLS is developed. For SFLS, Reynolds and energy equations
are used to construct models for liquid film thickness and the deposited layer’s melting thickness.
The results indicate that the deposited layer’s melting thickness under BLS is significantly greater
than that under SFLS. Specifically, the melting thickness decreases with launching displacement in
BLS and increases under SFLS. In SFLS, the deposited layer’s melting can suppress armature melting,
though it remains nearly equivalent to that observed with polished rail. These findings provide a
foundation for deposited layer control technology, which is essential for enhancing sliding electric
contact performance and launching efficiency.

Keywords: electromagnetic launch; contact state; deposited layer melting; armature melting

1. Introduction

Electromagnetic rail launch (EML) uses electromagnetic force generated by a high-
power pulsed high current to drive an armature at high speed in a straight line [1-3].

The armature is a key component in EML, which is mainly responsible for converting
electrical energy into kinetic energy to achieve high-speed launching. The electrical contact
interface generates a huge interface source, including Joule and friction heat [4,5]. The
armature surface material begins to melt under the heating of the interfacial heat source to
produce a liquid layer, which eventually solidifies on the rail surface to form a deposited
layer [6,7]. The formation process of the liquid layer was described experimentally in [8],
where a complete liquid layer is formed at the interface when the line current density is
greater than 20 kA/mm. During repeated launches, the armature slides over the deposited
layer on the surface of the rail, the surface material of the deposited layer is heated and
melts, and the remelted liquid of the deposited layer and the melted liquid of the armature
together form an interface liquid layer [9]. When the liquid layer is less able to support
the armature-rail interface contact pressure, the interface is in a boundary lubrication
contact state [10], and the interface heat source is Joule heat and friction heat [11]. When the
carrying capacity of the liquid layer at the interface can support the contact pressure of the
armature-rail interface, it is in a fully lubricated contact state, and the interface heat source
is mainly Joule heat and viscous heat [12]. The melting characteristics of the deposited
layer under different lubricated contact states and its effect on armature melting affect
the interface contact performance; maintaining good contact performance is important to
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achieve high-frequency and high-efficiency operation of EML [13-16]. Therefore, it is of
great significance to study the melting characteristics of the deposited layer and its effect on
armature melting under different lubricated contact states in order to deeply understand
the wear mechanism of interface melting and ensure the successful launch of EML.

Unfortunately, it is very difficult to observe the formation and action process of the
deposited layer during a shot. One can, however, gain considerable insight into the
deposits by looking at the materials remaining in the barrel after a launch [17,18]. The
deposited layer was characterized by analyzing its topography, morphology, and elemental
composition using optical microscopy, optical spectroscopy, energy-dispersive spectroscopy
(EDS), and scanning electron microscopy (SEM) [19-24]. The deposits were found to be
mainly composed of aluminum. Cooper analyzed the deposited layer after each shot and
found that the deposits’ thickness increases linearly with the number of shots [21]. The
present research work on the deposits was limited to experimental analysis, which looked
at the materials remaining in the barrel after launch. Experiment results indicated that
aluminum deposits remelted during a shot [23]. However, the published research results
have not yet involved any theoretical studies on the remelting properties of deposited
layers. Our team explored heat partition at the rail-armature interface with aluminum
deposited and preliminarily analyzed for the inhibitory effect of deposited layer melting
on armature melting under boundary lubrication conditions [25,26]. How the deposited
layers behaved under different contact needs further studies.

Stiffler [27] first established a melting lubrication model where the interface is a
parallel gap and considered that the liquid layer generated by armature melting produces
a fluid-squeezed film under the squeezing action of the contact surfaces, putting forward
a model for calculating the interface melting rate and film thickness under squeezed
film lubrication. Stefani et al. [28-30] modified and improved the model for calculating
the melting rate and film thickness under squeezed-film lubrication by considering the
effects of interface currents and turbulence on the basis of Stiffler’s model. The authors
in [31] developed a comprehensive lubrication model for the convergent gap liquid layer,
incorporating armature tail deformation, and analyzed the armature melting rate. However,
the contribution of the deposited layer’s melting rate was not taken into account in the
calculation of the liquid layer generation velocity for either the parallel gap or convergent
gap scenarios. Although the liquid layer may experience deformation of the armature
tail due to magnetic and hydraulic pressures, leading to the formation of an evanescent
gap shape, the stability of such an evanescent gap liquid layer remains uncertain [32,33].
Consequently, this paper employs the parallel gap-squeezed film lubrication contact model
to analyze the melting characteristics of the deposited layer.

In this paper, the boundary lubrication and squeezed film lubrication contact model
are established. A three-dimensional magnetic diffusion simulation model is built, and
the interface current distribution is simulated and calculated under two contact states. A
calculation model for the melting thickness of the deposited layer in the boundary lubri-
cation state is developed based on simulation results of the interface current distribution
and considerations of the deposited layer’s melting. Additionally, Reynolds and energy
equations are formulated for the squeezed-film lubrication state to establish a model for
calculating both the film thickness of the liquid layer and the melting thickness of the de-
posited layer. The deposits’ melting characteristics and their inhibition effect on armature
melting under different lubrication conditions were obtained. Control technology and
revealing the interface melting mechanism are of great significance in the subsequently
deposited layer to improve the contact performance of repeated launching.

2. Analytical Model
2.1. Structure of the Railgun

Figure 1a depicts a typical electromagnetic rail launch principle schematic diagram; the
launch system comprises parallel rails, an armature, a pulse power source, and additional
components. Because the armature and the rail are both made of good conductive metal,
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when the power supply is turned on, the pulse current flows into one side of the rail,
through the armature, and back into the power supply to form a current circuit. The strong
magnetic field created by the pulse current produces a strong electromagnetic force that
pushes the current-carrying armature in the high-speed sliding on the surface of the rail.
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Figure 1. Electromagnetic launch system: (a) schematic diagram; (b) bore structure; (c) armature
force analysis.

Figure 1b shows the electromagnetic launching bore structure, where X is the rail
spacing, and Y is the armature width. The motion armature moves at high speed under
electromagnetic push and friction, and the force analysis of the armature is shown in
Figure 1c, where F is the electromagnetic force, Fgy, is the electromagnetic contact pressure,
Fy is the Lorentz force, d; is the length of the armature tail, 8 is armature tail angle, and U is
the armature’s speed. If the inductance gradient is L/, according to [25], the electromagnetic
contact pressure of the armature tail can be obtained as:

'I2(t) dq

L
Fem = — Ycos@ (1)

If the electromagnetic launch mass is M and the friction coefficient is y, the armature’s
sliding speed considering frictional drag force can be calculated as:

t 1 L'TI2(t) L'I2(t) dy

u(t) = oﬂ[ 5 ( 5 YCOSQ)'V]‘# )

The expression for the calculation of armature displacement can be written as:

/ d t ot
s(t) = 26\4(1—2’;{%%9)/0 (/0 P2(#)db)dt 3)

The typical driving current waveform of the launcher system is shown in Figure 2.
The armature’s sliding speed and displacement can be calculated according to expression
(2) and the corresponding speed integral calculation; typical curves are pictured in Figure 3.
It shows that the current can reach an amplitude of 600 kA in a very short time, and the
powerful electromagnetic force pushes the armature to slide at a high speed up to 3000 m/s.
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Figure 2. Driving current.

4000 T T T T T 6
,
Speed
5
3200 . Il
= = = Displacement J
4 —
it 14E
g 2400 , E
=]
= 438
8 <
a, 1600 -
2 2
42/
800
—1
0 -
. -, 1 n 1 n 1 n 1 n 0
0.0 0.5 1.0 15 2.0 2.5 3.0

Times(ms)
Figure 3. Speed and Displacement curves vs. time.

2.2. Armature-Deposited Layer Rail Contact Model in BLS

When there is less melted aluminum at the interface, as shown in Figure 4b for the melted
morphology after launching and Figure 4c for the deposited layer on the rail surface, the
deposited layer is relatively thin, and the liquid layer produced by the armature and deposited
layer melting is not sufficient to support the armature-rail contact pressure; the interface is in
BLS. The armature and rail are in direct contact with each other. In BLS, the sliding electric
contact model of the armature’s deposited layer is shown in Figure 4a, and the interface heat
source is mainly Joule heat and friction heat. Assuming that interface heat loss is not taken
into account and that the interface heat source flows into the armature and the deposited layer
rails, the heat conducted in the deposited layer causes the deposited layer to melt.
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Figure 4. Armature/rail contact model in BLS (a) contact model; (b) armature melting morphology;
(c) deposited layer.
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For convenience of analysis, assuming that the contact area of the armature-rail
remains constant during the sliding process, the interface current density is j, the contact
area is A (A = d1Y), and the contact resistance is R, the rate of Joule heat flow generated
per unit area can be written as:

9j(t) = j(t)*Redr Y 4)

If L’ is the inductance gradient, the frictional heat generated per unit area per unit
time at the contact interface can be obtained as:
L'I(t) Ut
qr(t) ZVT()%COW ()
The interface Joule heat and frictional heat together constitute the interface heat source
during the contact time, which can be approximated as:

172

a(6) = ARy + LU g ©
Assuming that the heat partition coefficient on the armature side is «, the heat flow
into the armature surface is ag, and the heat flow into the deposited layer is (1 — a)g. Since
the main component of both the armature and the deposited layer material is aluminum,
and the thermal parameters of the material are the same, the range of values of the heat
partition coefficient can be obtained based on the heat partition calculation method in [26],

namely 0.5 <1 —a < 1.

2.3. Armature-Deposited Layer Rail Contact Model in SFLS

With more melted aluminum at the interface, as shown in Figure 5b for the melted
morphology after launching of the armature and Figure 5c for the deposited layer on the
surface of the rail, the deposited layer is relatively thick, and the liquid layer produced by
the armature and deposited layer melting can support the contact pressure of the armature
rails; the interface is in SFLS. The armature and rail are not in direct contact, and the
interface current enters the liquid layer through the armature surface and finally flows into
the deposited layer. The armature-deposited layer rail contact model in SFLS is shown in
Figure 5a, in which the interface heat source is mainly Joule heat and viscous heat generated
by the liquid layer. Assuming that the interface heat loss and convection effects are not
considered, the interface heat sources will flow into the armature and deposited layer.
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Figure 5. Armature/rail contact model in SFLS (a) contact model; (b) armature melting morphology;
(c) deposited layer.

Not considering the armature tail’s deformation, assuming that the liquid layer’s
shape between the armature and rail is as in Figure 5a, the liquid layer’s length is [ and the
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thickness is h. Considering the liquid layer as a parallel gap, i.e.,0h/dx = 0, the Reynolds’
equation under the parallel gap can be written as:

1250,

VP =5 )
The average pressure Py is [27]:
P ) P Y n-Stanh(np/2)| = nonl” g (8)
T B, Ths G

where B is the ratio of the long side to the short side of the armature contact surface, v;, is
the liquid layer generation rate, which is equal to the interface melting rate, and 7 is the
liquid layer viscosity coefficient.

If B =1, then ¢ = 0.421. Based on the above equation, it can be found that if the contact
pressure between the armature and rail is the bore magnetic pressure Py, then the interface
melting rate v, will maintain the liquid layer’s thickness in the parallel gap as:

2N 173
= () ®

Assuming that the bore cross-sectional area is S, the bore magnetic pressure Py can be
approximately written as [33]:
L'I?
Py = e
In parallel gap conditions, the energy equation for the liquid layer, taking into account
the Joule heat, can be written as [27]:

92T u\?

(10)

where j is the current density of the liquid layer, o is the conductivity of the liquid layer, T
is the temperature of the liquid layer, and k is the thermal conductivity.

With boundary conditions: at rail surface z = 0, T = T, and at armature surface z = h,
T =T, = Ty, the energy equation is solved as:

ro1, =TTz <;7u2 + jz) <22 - zh) (12)

h 2kh?  2ko

where T, is the rail temperature with the deposited layer, T, is the temperature of the
armature, and Ty, is the melting temperature of the armature and the deposited layer.

The heat flux from the liquid layer to the armature surface and rail surface, respectively,
can be obtained as:

2 2
qo=—k3E| = -Tom+ (G + o)
z=
=k%| =k -+ (Y + 5 4
qr = oz | = r m o -
The total heat flow into the armature and rail, respectively, is:
us | j°h
Gotgr="1—41" (14)

h 1o
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3. Simulation Calculation of Current Density at Armature-Rail Interface
3.1. Current Density Simulation in BLS

Usually the rail material is made of copper, and the armature material is made of
aluminum alloy. Since the conduction current of the metal conductor is much larger than
the displacement current, the magnetic field of the armature and rail can be regarded as a
magnetic quasi-static field. Maxwell’s equations in the conductor region can be written as:

- =
VXxH=],

— —
VxE=-9

S & (15)
V-B=0 B=uH

— — —
V-J.=0 ] =0E

Introducing vector potential functions A and scalar potential functions ®, the above
quasi-static Maxwell’s equations can be derived as the magnetic diffusion equation in the
conductor region of the electromagnetic launch system:

—-%_vo
dA 1 a 7
V- (—c% —oVd)=0

(16)

where . is the external conductive current density, y is the vacuum magnetic permeability,
and o is the electrical conductivity. For the non-conductor region, the conductivity and the
—

applied current density are zero, so the Coulomb norm V - A = 0 uniquely determines the

magnetic vector potential Z and, thus, the magnetic field in the external region.

At early stages of launches, in order to ensure good contact between the armature and
rail, the armature tail usually adopts the interference design. Figure 6 shows the process of
interference fit between the armature and rail: Figure 6a is before assembly, and Figure 6b
is after assembly. The rail moves toward the armature under the initial mechanical preload
by a distance d. A larger d represents a larger initial mechanical preload applied. The solid
mechanics module was used in COMSOL Multiphysics® version 6.2 [34,35] to solve the
mechanical preload distribution at the armature—rail contact interface.

Initial mechanical preload

Ji| et |4} Rail "
Interference

displacement Armature e Armature : I

(@ (b)

Figure 6. Interference fit between armature and rail (a) Before assembly; (b) After assembly.

The contact conductance at the armature rail interface in the EM module is calculated as:

20007 Masp P |0 an

Ocontact = 1-250 To o H
a r Tasp c

where 0, and ¢ are the armature and rail material conductivity, respectively, H, is the hard-
ness of the softer material, p is the contact pressure, and o outact is the contact conductivity.
It can be seen from (17) that the contact pressure affects the contact conductivity, which in
turn affects the interface current density distribution.
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The three-dimensional simulation model of the armature rail is shown in Figure 7a,
and the armature caliber is 20 mm x 20 mm, rail height is 20 mm, rail thickness is 4 mm,
and aluminum deposited layer is shown in the blue part of the figure. The rail material is
copper, while the armature and deposited layer are made of 6061 aluminum. The material
specifications are provided in Table 1. The interference displacement d = 0.8 mm, and the
interference contact pressure distribution is obtained in the COMSOL solid mechanics
module simulation, as shown in Figure 7b. The simulation of the interface current dis-
tribution of the coupled contact pressure can be obtained by importing the results of the
contact pressure distribution calculation into the contact conductance calculation model in
the COMSOL EM module settings. By setting the thickness of the deposited layer in the
COMSOL EM module, the deposited layer’s thickness is 0 to simulate no deposited layer
rail, and the deposited layer’s thickness is set to 500 um to simulate the deposited layer rail.
The simulation obtains the typical current density distribution as shown in Figure 7c,d.
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Figure 7. Current simulation in BLS.

Table 1. Material parameters.

. Melfﬂng Density Therm.al- Specific Heat Conductivity Young's Poisson’s
Materials Point (ke/m?) Conductivity (/ke/K) (S/m) Modulus Ratio
K) 8 (W/m/K) 8 (Pa)
Aluminum (6061) 933 2758 170 900 5.4 x 107 90 x 10° 0.34
Copper 1358 8950 400 400 1.85 x 107 68.9 x 10° 0.33

It can be found that the current distribution on the armature surface is concentrated
near the midpoint position of the armature side edge, which is consistent with the contact
pressure concentration distribution area. The maximum value of the current density in the
case of a 500 um thick deposited layer is smaller than that in the case of the rail without
a deposited layer. Figure 8 shows the current density distribution along the longitudinal
direction of the armature at different positions. The current density near the midpoint of
the armature side edges is the largest, and further away from the side edges, the position of
the current density is smaller. Figure 9 depicts variations in the maximum current density
on the surface of the armature with different deposited layer thicknesses, and for the sake
of simplicity, the distribution of the current density is taken at the moment of 0.9 ms for the
study. It was discovered that the maximum current density on the surface of the armature
shows a decreasing trend as the thickness of the deposited layer grows.
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3.2. Current Density Simulation in SFLS

Given that the usual thickness of the liquid layer is significantly lower than the
dimensional size of the armature and rail, the liquid layer has no effect on the magnetic
field distribution at the armature/rail contact interface. Thus, the magnetic diffusion
equations for the rail and armature are as follows:

- - - -
9, 2B, _ 2 1 0B, 0 1 9B,
ot 9x  0x 0y Ox 0z U0y 0z

) (18)

- - -
9 _ o 1 0B o 1 ok, )
ot Ox Hao, Ox 0z Ua0, 0z

%
where B,, pg, and o, represent the armature’s magnetic induction, permeability, and

conductivity, while 1_3)7, Ur, and o, represent the rail’s magnetic induction, permeability, and
conductivity. In the normal direction, the armature and rail contact interfaces have equal
magnetic induction strengths. Using the above magnetic diffusion equation and boundary
conditions, the magnetic field distribution in the armature and rail can be solved in order
to determine the current distribution in the armature and rail:

1 0B
]x = *%sz (20)
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1 JdB
]z_ -

e T 1)

where [, and J; are the current density components in the x and z directions, respectively.

Taking the magnetic diffusion equation as the equation to be solved and the above
parameters and current waveform as the solution conditions, the magnetic field distribution
of the armature/rail system can be solved after setting it up in COMSOL'’s Custom Differen-
tial Equations module. The magnetic field distribution of the armature/rail contact system
during the current rising phase (0-0.5 ms), current flat-topping phase (0.5-1.5 ms), and
current falling phase (1.5-4.5 ms) are given in Figure 10. It can be seen that in the current
rise stage, the magnetic induction strength gradually increases; in the current flat-top stage,
the magnetic field strength reaches the maximum value and remains unchanged, and the
bore magnetic field is larger than the internal magnetic field of the conductor. In the current
fall stage, the magnetic induction strength begins to decrease.
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Figure 10. Magnetic field distribution in SFLS.

The current density distribution on the armature/rail contact surface can be obtained
by substituting the magnetic field distribution into Equations (20) and (21) for calculation,
as shown in Figure 11. Because the metal liquid layer is very thin, it can be assumed that
the current flowing through the armature/rail contact surface is the current flowing in the
liquid layer.

As seen in the figure, similar to the magnetic field distribution, the current dis-
tribution is mostly concentrated at x = 20 mm (armature tail end), where the current
density is 2-3 orders of magnitude higher than at other locations. In other regions, the
x-direction current in the metal liquid layer is around 10° A/m?, while the z-direction
current is about 108 A/m?2, which is one order of magnitude less than the x-direction cur-
rent. The image also shows that the currents in the x and z directions grow increasingly
homogeneous with time.
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Figure 11. Current distribution in SFLS.

4. Calculated Model for Deposited Layer’s Melting Thickness
4.1. Calculated Model for Deposited Layer’s Melting Thickness in BLS

The sliding contact process of the armature along the rails with the coated deposited
layer is shown in Figure 12. Taking the yellow deposited layer as the research object, the
armature starts to contact the yellow deposited layer on the rail at ¢t = t;,, then leaves at
t = tin + to, and t. =1,/ U is the contact time, I, is the contact length, and U is the armature’s
sliding speed. During contact time, this sliding contact generates huge frictional and Joule
heating at the interface due to friction and the driven current. The heat transfers to the
surroundings due to convection and radiation are neglected. It is assumed that there is no
heat loss at the sliding interface areas of the armature and deposited rail. Thus, one fraction
of the interface heat flows into the contact surface of the armature, and the other fraction of
the heat flows into the deposited layer.

Armature Armature

(a) t =ty (b

(c) t=ty,+t.

Figure 12. Sliding contact process of armature along the rails with coated deposited layer.

It can be seen that the yellow deposited layer will be heated only during the contact
time. From t = t;;, the deposited layer starts to be heated by the interface heat source and
then melts. Once the armature leaves the deposited layer, as shown in Figure 12¢, the
yellow deposited layer is no longer heated by the heat source.

The heat flowing into the deposited layer is (1 — «) g. There is a hypothesis that the
heat of phase change of the deposit is entirely taken away by the melt wear of deposits.
Assuming a volume element with length /, width Y, and the thickness dy:

tin+te

(capa(Tw — To) + hg)doY1 = / YI(1 - a)q(t)dt 22)

£

where h; is the latent heat of deposits, ¢  is the specific heat of deposits, p; is the density of
the deposits.
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Considering (22), the remelting thickness of the deposited layer during contact time f,
can be expressed as:

, L'T2(t) U(t)
tintte [
(1 —Dé)ftin (]Z(t)Rcd1Y+‘142><Y C059>dt

d =
0 pa[Hg + cq(Tu — To)]

(23)

where H, = h,/p;.

If the heat flowing into the deposited layer is the minimum value, meaning 1 — & = 0.5,
the minimum value of remelting thickness is d,,;,. Similarly, when the heat flowing into
the deposited layer is the maximum, thatis 1 — a = 1, the maximum value of the melting
thickness is dyqx. The actual melting thickness dj is between d,,;, and duay.

4.2. Calculating the Model for Deposited Layer’s Melting Thickness in SFLS

The interface temperature of the deposited layer remains at the melting point temper-
ature T, after the layer has melted during the contact period, i.e., T, = Ty,;. This condition is
carried over to Equation (13), during which the thermal power transferred from the liquid
layer to both the armature and the rails of the deposited layer is equal:

uz | jh
qu:qr:%‘f‘]z? (24)

Assuming the armature melting rate is v, the heat balance equation for the armature
side, according to the Stiffler model [27], can be expressed as:

uz | jh
(’72}1 + ]20_> = Pavma[Ha + Ca(Tm - TO)] (25)
Assuming the melting rate on the deposited layer side is v,,4, the heat balance equation

for the rail side of the deposited layer can similarly be expressed as:

uz  jh
(172;1 + ]20> = PaVma[Hg + ca(Tn — To)] (26)
where p, ¢, and H represent the material density, specific heat, and latent heat, respectively.
In the following table, a denotes the armature, d denotes the deposited layer, and the total
liquid layer production rate v, between the armature rails is the sum of the melting rates
of the armature and the deposited layer. Additionally, there are:

U = Uma + Umd (27)
The liquid layer production rate v,, introduced into Equation (9) can be expressed as:
iz P nuz  ph

Puh® o T o T (28)
onl2 pa[Ha +ca(Tm — To)] ~ palHa + cq(Tm — To)]

Considering the effect of turbulence on the liquid layer, the viscous coefficient is
adjusted [18], and its equivalent viscous coefficient 7y is:

k
Heff = ﬁhg/ W (29)

where ko = 0.05(oU /7).
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The film thickness of the liquid layer and the total melting rate in the case of turbulent

flow are: 45
(B (B2 —4AC)” %
Um §k077l2 (3 )
where " "
{ Al = 5k0;7]\1/[2 B = N C'=- 102Ao (32)
Ayg = Pa[Hu + Cu(Tm - TO)]
Thus, the melting rate of the deposited layer in the case of turbulent flow is:

Umd = Evm = 5k017[2

The deposited layer’s melting thickness during the contact between the liquid layer
and the deposited layer is:
6Py, 9/4d1
do = = —
07 Skop2” U

(34)

5. Analysis under Different Contact Models
5.1. Deposited Layer Melting Thickness in BLS

The typical armature material is 6061 aluminum, the rail is copper, and the deposited
layer material is approximately the same as the armature material. The material parameters
are detailed in Table 1. For the analysis, it is assumed that the caliber parameters X =Y
are set to 20 mm, d; = 20 mm, and M = 30 g. The current waveform is depicted in
Figure 2. By varying the current amplitude from 400 kA to 700 kA while keeping other
parameters constant, this study examines the minimum melting thickness distribution
curve of the deposited layer. The melting thickness distribution at different launch positions
is illustrated in Figure 13. The results indicate that the maximum melting thickness of
the deposited layer occurs near the starting position. As the launch position advances,
the current rapidly attenuates, with the attenuation rate stabilizing during the top phase.
Finally, during the current decline phase, the attenuation rate exhibits a nearly linear
decreasing trend.

(a) For different current amplitudes

== I,~400kA

- == [,=600kA ]
——1,~700kA

Minimum remelting thickness(um)

3
Distance(m)

Distance(m)

Figure 13. Variation curves of deposited layer melting thickness.

To analyze the impact of varying the launching mass while maintaining a constant current
amplitude of 600 kA, the armature sliding speed was adjusted across different launching
positions. The minimum melting thickness as a function of displacement under various
launching masses is shown in Figure 13b. It was observed that the melting thickness is
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Squeezed film thickness(um)
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greater at the rising edge and the flat top stage. Specifically, larger launching masses result in
increased melting thickness at these stages, though the change is not very pronounced. This is
attributed to the dominance of interface Joule heating at these stages; a larger mass reduces the
armature speed, thus prolonging the duration of Joule heating interaction with the deposited
layer, leading to increased melting thickness. Conversely, in the descending stage, larger
launching masses result in smaller melting thicknesses of the deposited layer. This occurs
because frictional heat becomes the predominant factor in the descending stage. A larger mass
reduces the armature velocity, which in turn decreases the frictional heat. Consequently, less
heat is absorbed by the deposited layer, resulting in a smaller melting thickness.

5.2. Deposited Layer Melting Thickness in SFLS

When varying the current amplitude from 500 kA to 800 kA while keeping the
launch mass constant at 30 g, the curves showing the liquid layer thickness with dis-
placement are presented in Figure 14a. The results indicate that the liquid layer thickness
increases gradually with displacement. Although higher current amplitudes lead to a
greater liquid layer thickness, the increase is relatively not obvious. Figure 14b illustrates
the deposited layer melting thickness as a function of launch displacement for different
current amplitudes. It is observed that a higher current results in a greater melting
thickness of the deposited layer. However, the melting thickness tends to stabilize as
the launch displacement increases and then decreases. The maximum melting thickness
of the deposited layer is approximately 38 um throughout the launching stage, which
is significantly smaller than the actual thickness of the deposited layer. Keeping the
current amplitude constant at 600 kA, varying the launch mass from 20 g to 50 g affects
the armature launch velocity. Figure 15a shows the variation in the film thickness of the
liquid layer with displacement for different launch masses. It is evident that a larger
launch mass results in a smaller film thickness of the liquid layer. Figure 15b presents
the variation in melting thickness of the deposited layer with launch displacement for
different launch masses. It is observed that the melting thickness of the deposited layer
increases with decreasing mass and tends to stabilize as the launch displacement first
increases and then decreases.

N
IS

120

—=—,~800kA
—&— 1, ~700kA
—e—,~600kA
—*— 1, =500kA

80

40

20

(a)Squeezed Film Thickness

—s—1,~800kA
—a— [ ~700kA
—o—1,~600kA
—*—1,~500kA

)
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(b) Deposited layer melting thickness

[

Deposited layer remelting thickness(um)

1 n 1 n 1 n
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S

2 3

=]

Distance(m) Distance(m)

Figure 14. Film thickness of liquid layer and deposited layer melting thickness at different launch
currents.
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Figure 15. Film thickness of liquid layer and deposited layer melting thickness at different launch speeds.

5.3. Armature Melting Characteristics in SFLS

The corresponding expressions for the liquid layer thickness i and the armature
melting rate for the polished rail are solved as follows:

4/5
L (B (B2 -aac)? s
12P
Uma = ako;;\ldz K4 (36)
where 20,

Al — mga”ly [Ha + ¢a(Tw — Tp)] 37)

P T

- 20 - 24

Figure 16 illustrates the armature melting wear rate and volume for different currents
applied to the polished rail. It is observed that both the armature melting rate and volume
increase with higher currents. Taking into account the effect of the deposited layer melting,
the armature melting rate is:

k0h3/417u2 ]'Zh

24h 20
ma — 38
v Pa[Ha+Ca(Tm - TO)] (38)

—=—[,~650kA
—a— [, ~600kA
—e—[,~550kA
—+— [, ~500kA

—— 1500 —————————————T——

(a) Armature melting speed r (b) Armature melting volume

)
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S
T

—=—] =650kA A=12.8%
—a—] ~600kA 1=10.9%
—e—1 =550kA  2=9%
—— 1 ~500kA A=7.2%

o

=3

S
T

=3
=3
S

Armature melting Volume(mm3)
w
(=3
(=]

2.0 25 3.0 3.5 4.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
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Figure 16. Armature melting for different currents on polished rails.



Electronics 2024, 13, 4214 16 of 19

When considering the effect of deposited layer melting, with the current amplitude
and other launch parameters held constant, as in the polished rail scenario, Figure 17
presents the armature melting wear velocity and wear volume under different current
amplitudes with deposited layer melting taken into account. It is observed that both
the armature melting speed and wear volume increase with launching displacement.
However, the armature melting speed and wear volume are reduced compared to the
polished rail scenario due to the influence of deposited layer melting, though the differ-
ence is not substantial. This suggests that, under squeezed film lubrication conditions,
the melting of the deposited layer slightly inhibits armature melting wear but has a
minimal overall effect.

6 ———————————————————— 1500 ———————————T———

(2) Armature melting speed (b) Armature melting volume

SE —=—1,~650kA 3 . —=—] =650kA 1=12.0%

I —A—1,7600kA 1 —a— ] =600kA 1=10.2%
at —e—1 =550kA —o— ] =550kA  1=8.4%
—*—1,7500kA ——1 =500kA 1=6.7%

IS
S
S

o

=3

S
T

600

Armature melting speed(m/s)

300

Armature melting volume(mm®)

R R PR R R R R N . . P S S
0.0 0.5 1.0 1.5 2.0 2.5 3.0 35 4.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0 35 4.0

Distance(m) Distance(m)

Figure 17. Armature melting at different currents considering melting of deposited layers.

5.4. Comparative Analysis and Discussion

For comparative analysis, Figure 18 illustrates the distribution of melting thickness of
the deposited layer under squeezed film lubrication and boundary lubrication conditions,
with current and speed held constant. The data reveal that the melting thickness of the
deposited layer exhibits a gradual decrease under boundary lubrication, and it shows a
gradual increase under squeezed-film lubrication.

320 — . ; . ; . ;

280 E

——1,~700kA
i —-= 1 ~600kA| |
200 B

240 -

160

120 b Boundary lubrication model
80

40

Deposited layer remelting thickness(um)

0

Distance(m)

Figure 18. Comparison of deposited layers’ melting thickness in BLS and SFLS.

In boundary lubrication, the primary heat sources are Joule heat and friction heat, with
Joule heat being predominant during the startup and low-speed stages. During armature
startup, the rapid rise in current generates significant Joule heat. Due to the lower speed, the
deposited layer is heated for a longer duration, resulting in a larger melting thickness. As
speed increases, the heating duration of the deposited layer decreases, which, coupled with
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a reduction in current and interface heat source, leads to a significant decrease in melting
thickness. Conversely, in squeezed-film lubrication, the main heat source is viscous heat.
At low velocities, although the deposited layer is heated for a longer time, the smaller film
thickness of the liquid layer and lower viscous heat result in less total heat absorbed by the
deposited layer, leading to a smaller melting thickness. As the launching speed increases,
the interface viscous heat also increases. Despite the shorter heating duration, the total heat
absorbed from the interface rises, causing the melting thickness of the deposited layer to
increase gradually. The melting thickness in the boundary lubrication state can reach up to
300 pm, significantly larger than the maximum of 40 um observed in the squeezed-film
lubrication state. This indicates that the interface Joule and friction heat are substantially
greater than the viscous heat in the liquid layer, highlighting the lubricating effect of the
liquid layer.

6. Conclusions

During repeated launches, the armature slides over the deposited layer on the rail’s
surface. The deposited layer, together with the armature surface material, is heated and
begins to melt, forming a liquid layer. The interface will be in either a boundary lubrication
state (BLS) or squeezed-film lubrication state (SFLS), depending on the liquid layer carrying
capability and contact pressure. A three-dimensional magnetic diffusion simulation model
is built, and the interface current distribution is simulated and calculated. Considering the
interface current distribution and melting of the deposited layer, the calculation models
have been established for the melting thickness under BLS and SFLS. Deposits” melting
characteristics and their inhibition effect on armature melting under different lubrication
conditions were also obtained. The key findings are summarized as follows:

(1) The maximum value of the current density in the 500 pm thickness case of the de-
posited layer is smaller than that in the case of the rail without a deposited layer. As
the thickness of the deposited layer increases, the maximum current density on the
surface of the armature shows a decreasing trend.

(2) The melting thickness in the boundary lubrication state can reach up to 300 um, signif-
icantly larger than the maximum of 40 um observed in the squeezed-film lubrication
state. This indicates that the interface Joule and friction heat are substantially greater
than the viscous heat in the liquid layer, indicating that the liquid layer exhibits a
lubrication effect.

(3) Under boundary lubrication conditions, the melting thickness of the deposited layer
decreases as the launching displacement increases, whereas under squeezed-film lubri-
cation conditions, the melting thickness increases with greater launching displacement.

(4) In the squeezed-film lubrication scenario, the deposited layer’s melting can suppress
armature melting, though it remains nearly equivalent to that observed with the
polished rail.

These findings revealed the melting behavior of the deposited layer under different
contact states, providing a theoretical basis for deeply understanding the wear mechanism
of interface melting and deposited layer control technology, which is essential for ensuring
the successful launch of EML. It also provides favorable assistance for the subsequent
evolution mechanism of the thickness of the deposited layer and the influence of the
deposited layer on the melting of the armature.
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