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ABSTRACT Sliding friction wear of high-speed current-carrying is a key factor limiting the engineering of
electromagnetic railgun, and is also a hot spot and difficult area for current research. In this paper, we simulate
the internal ballistic dynamics and electrical contact characteristics based on multi-physics field effects and
consider the actual working conditions such as Lorentz force, friction force and interference fit to simulate
the motion of the armature in the bore. Based on the Archard wear model, a finite element simulation method
combining HyperMesh and ANSYS is proposed to realize the wear prediction. The simulation results are
compared with the experimental results to verify the accuracy of the prediction model. The results show that
under the single firing condition, the wear is mainly concentrated at the end of the armature arm, and the rail
wear is relatively light; with the increase of electromagnetic thrust, the increase of armature wear volume
does not change much and is approximately equal; the armature wear volume is influenced by the wear
coefficient, in which the armature wear volume increases about 190 timeswhen thewear coefficient increases
from 1× 10−6 to 1× 10−3. Therefore, in order to reduce the degree of wear between the armature and rails,
the lubrication conditions should be improved as much as possible. This study provides a simulation method
for the wear prediction of electromagnetic rail launcher, which is important for the engineering application
of electromagnetic rail launcher.

16

17

INDEX TERMS Electromagnetic railgun, Archard wear model, frictional wear, finite element simulation,
multi-physics field coupling.

I. INTRODUCTION18

Electromagnetic railgun is an emerging weapon that can19

accelerate projectiles to ultra-high sonic velocities using elec-20

tromagnetic forces [1], [2], [3]. This technology can break the21

limits of conventional powder velocity and precisely control22

the exit velocity of the projectile by controlling the pulse23

current [4], [5]. With its obvious advantages, electromagnetic24

rail launch technology has great potential for development in25

the military field [6].26

During electromagnetic launch, there is a high speed, high27

current sliding electrical contact between the armature and28

the rails, which is a unique feature that distinguishes electro-29

magnetic rail launchers from other conventional electrome-30

chanical devices. The ultra-high speed sliding of the armature31

in the fastened rail will inevitably cause wear of the armature32

and rail contact surfaces. Only a wear calculation model can33

The associate editor coordinating the review of this manuscript and

approving it for publication was Guido Lombardi .

be established to effectively suppress wear and improve the 34

emitter service life [7], [8], [9], [10], [11], [12]. 35

From the existing studies, there is less mature international 36

experience on this problem and there is still a lot of work 37

to be done. Lu et al. [13] analyzed the effect of temperature 38

on inter-support rail wear by finite element simulation and 39

found that as the temperature of the surface of the support 40

rail increased, the elastic modulus and hardness of the contact 41

material decreased and the inter-support rail wear increased; 42

Singer et al. [14] studied a solid lubricating interface com- 43

pound (SLIC) for the protection of low-speed railguns. The 44

results showed that the compound coating effectively miti- 45

gated armature arcing and frictional wear; Wu et al. [15] ana- 46

lyzed and calculated the ballistic dynamics, frictional failure 47

and nonlinear electrical contact inside the armature based on 48

multi-physical field effects and verified the results experi- 49

mentally; Bansal et al. [16] conducted frictional wear tests of 50

sliding electrical contact between copper alloy and aluminum 51

alloy by friction testing machine. It was found that the contact 52
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FIGURE 1. Electromagnetic launch system.

area and wear diameter increased with the increase of current;53

Gao et al. [17] used finite element simulation method to54

simulate the wear characteristics, but the distribution of wear55

amount was not obtained. The methods and conclusions of56

the above studies are important references for the subsequent57

research on the wear of electromagnetic rail launchers, but58

there is still a lack of effective simulation means to reduce59

the test cost.60

In this paper, the internal ballistic dynamics of the contact61

surface is simulated considering the frictional resistance and62

nonlinear electrical contact. Based on the wear mechanism63

of the four-rail electromagnetic launcher, the frictional wear64

of the armature and rail contact surface during the electro-65

magnetic launch process is simulated by the finite element66

method using the Archard wear model, combined with the67

platform characteristics and actual loading conditions of the68

four-rail electromagnetic launcher, and the wear distribution69

of the armature armature with the armature morphology of70

the launch test is The wear distribution of the armature arm71

is compared with the armature shape of the launch test. The72

wear mechanism of the electromagnetic rail launcher is pro-73

posed according to the characteristics of the ultra-high speed74

current-carrying sliding. Finally, the effects of electromag-75

netic thrust and wear coefficient on the wear characteristics76

are analyzed.77

II. ELECTROMAGNETIC LAUNCH SYSTEM ANALYSIS78

The electromagnetic launch system is composed of pulse79

power supply, charge and discharge control cabinet, elec-80

tromagnetic rail launcher, sandbox and launcher base. The81

electromagnetic emission system is shown in the Figure 1.82

The pulse power supply quickly converts the kinetic energy83

stored in the rotor into electrical energy through high-speed84

rotation, and the output current can reach millisecond MA, 85

which can meet the high power requirements of electro- 86

magnetic launch; the charge drain control box is used for 87

discharging the capacitor after the pulse power supply is 88

finished, which is the safety protection subsystem of the pulse 89

power supply; the electromagnetic rail launcher is used for the 90

launch of the projectile; the sand box is mainly used for the 91

recovery of the armature; the launcher base is mainly used for 92

carrying launcher. 93

The pulsed power supply uses eight 2000 uF power mod- 94

ules, and the power supply uses a voltage of 3.3 kV and a 5µH 95

inductor to adjust the waveform. The current waveform dia- 96

gram of the pulsed power supply and the local magnification 97

diagram within 0∼0.5 ms are shown in Figure 2. The current 98

amplitude rises rapidly from 0 A in a very short period of 99

time and continues to decay after reaching a peak of 400 kA 100

at the 0.2 ms moment. The current amplitude drops abruptly 101

at the 3.4 ms moment, when the armature is discharged. Due 102

to the limitation of simulation conditions, the wear analysis of 103

the complete firing process is not possible at present, so this 104

paper only simulates themotion andwear situation in the time 105

period of 0∼0.5 ms. 106

Corresponding to the current waveform, the electromag- 107

netic thrust, armature velocity and displacement curves with 108

time are shown in Figure 3. As can be seen from the fig- 109

ure, the electromagnetic thrust reaches a maximum value of 110

1258388.61 N at 0.2 ms, and then decreases to 517838.27 N. 111

The armature accelerates to 404.6 m/s at 0.5 ms under 112

the excitation of the high pulse power supply, and the 113

maximum sliding distance can reach 0.104 m. The inter- 114

nal ballistic motion characteristics obtained in this section 115

will lay the foundation for the subsequent study of wear 116

characteristics. 117
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FIGURE 2. Current waveform diagram.

FIGURE 3. Curves of electromagnetic thrust, armature velocity and
displacement versus time.

III. CONTACT CHARACTERISTIC ANALYSIS118

The contact characteristics, i.e. the size of the contact119

area between the armature and the rail and the stress dis-120

tribution in the armature, are important factors in deter-121

mining the armature performance, and are also the main122

cause of frictional wear formation. In order to better123

understand the mechanism of wear generation, this section124

investigates the contact characteristics during transient125

launch.126

A. SIMULATION MODEL127

The physical diagram of the electromagnetic transmitter is128

shown in Figure 4(a). The armature and rails models are129

constructed based on the solid structure and parameters as130

shown in Figure 4(b).131

The four rails are distributed in a 90◦ circular array132

around the armature, with an emitter diameter of 24 mm ×133

24 mm, a rail length of 890 mm, and an armature overfill of134

0.14 mm. After measurement, the volume of the armature is135

9934.8 mm3 with a mass of 27.52 g; the volume of one rail136

FIGURE 4. Armature and rails model. (a) Electromagnetic launcher test
platform; (b) Armature and rails structure.

FIGURE 5. Armature structure.

is 1.09 × 105 mm3 with a mass of 0.905 kg. The physical 137

diagram of the armature studied in this paper is shown in 138

Figure 5. 139

B. ANALYSIS OF SIMULATION RESULTS 140

As a key component of the electromagnetic rail launcher, 141

the condition index of the armature has an important impact 142

on the launch process. In order to ensure the high-speed 143

current-carrying sliding performance of the armature in the 144

gun chamber, an interference fit is used between the arma- 145

ture and the rail. Therefore, after the armature is assem- 146

bled, the contact surface between the armature and the rail 147

will generate preload and deformation. By the finite element 148

simulation method, the contact state ( contact state at the 149
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FIGURE 6. Armature arm deformation diagram.

moment of 0) after armature assembly is obtained as shown in150

Figure 6.151

The analysis in the figure shows that after the interference152

assembly, the maximum deformation of the armature arm is153

0.23 mm, which is larger than the interference amount of154

0.14 mm. From this, it can be seen that there is a gap between155

part of the armature arm and the rail. When the deformation156

variable of the armature arm is equal to the interference157

amount at this position, the contact between the armature and158

the rail just occurs, that is, at the intersection of the two curves159

in Figure 6. And in the area where the armature arm shape160

variation is greater than 0.06 mm (the red area in the cloud161

diagram), separation of the armature from the rail occurs. The162

blue and green areas are in close contact.163

During the launch process, the armature makes direct164

contact with the orbit to induce a pulsed current to excite165

the magnetic field, and the armature is accelerated by the166

electromagnetic force. The armature arm is expanded out-167

ward by the Lorentz force, resulting in an increase in the168

contact pressure between the armature and the rails, and169

the contact pressure changes with time. Using the coupled170

electromagnetic-structural field simulation method, the con-171

tact pressure clouds at different moments are obtained as172

shown in Figure 7.173

As can be seen from the figure, the distribution of con-174

tact pressure is affected by the curved surface, showing a175

butterfly-wing distribution and mainly concentrated in the176

armature throat, indicating that the armature arm starts to177

bend at the armature throat. The analysis shows that the178

current is on the rising edge from 0-0.02 ms, so with the179

increase of time, the Lorentz force gradually increases and180

the armature arm flares out, resulting in the contact pressure181

between armature and rail gradually increases, and the max-182

imum contact pressure can reach 1067.6 MPa at 0.02 ms;183

the contact pressure increases with the increase of time,184

and the contact area gradually spreads from the armature185

throat to the tail of armature arm.186

IV. WEAR CHARACTERISTIC ANALYSIS187

Tribological behavior is related to the behavior of the whole188

system, which is not only between materials, and tribological189

wear of materials cannot be defined without the action of the190

complete system [18]. Therefore, during the frictional wear191

FIGURE 7. Equivalent force cloud at different moments: (a) 0.005ms;
(b) 0.01ms; (c) 0.015ms; and (d) 0.02ms.

study of electromagnetic launchers, the wear behavior needs 192

to be analyzed in the context of the entire emitting system. 193

Wear simulations and tests with reasonable extrapolation of 194

the results are extremely necessary for the study of wear 195

damage and potential wear mechanisms of electromagnetic 196

launchers. 197

Persad and Castro [19] performed a microscopic analysis 198

of the orbit after electromagnetic launch and the observations 199

showed that aluminum residues were present from the start 200

position of the orbit, which could prove the presence of 201

melting and material loss of the armature during the launch 202

process, from which it can be judged that the main form 203

of wear occurring on the electromagnetic orbital launcher is 204

adhesive wear [20]. The Archard wear model can be used 205

for effective prediction of adhesive wear. In this section, the 206

wear characteristics of the electromagnetic rail launcher are 207

simulated based on the Archard wear model; then the sim- 208

ulation results are compared with the wear profiles after the 209

launch test to verify the accuracy of the simulation method; 210

finally, the influence law of two parameters, electromagnetic 211

thrust and wear coefficient, on the wear characteristics is 212

analyzed. 213

A. ARCHARD WEAR CALCULATION MODEL 214

The contact surface between the armature and the rail is 215

machined so that the surface is in a relatively smooth state on 216

a macroscopic level. However, the frictional contact surface 217

is not flat at the microscopic level. When the two are in 218

contact, they are actually in point contact. At this point, a load 219

is applied between them and the two move relative to each 220

other [21]. Under local stress, the contact area is sheared or 221

even deformed, and the atoms between the internal metallic 222

materials are transferred and bonded under external forces, 223
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FIGURE 8. Schematic diagram of adhesive wear model.

resulting in the occurrence of adhesion. This kind of wear is224

adhesive wear. The adhesive wearmodel is shown in Figure 8.225

Assume that there are u convex peak elements on the unit226

contact surface, and under the action of pressure p, the peak227

elements in contact form a bonding point with a radius of228

a. σSC is the yield limit of softer materials. At this point,229

the material at the bonding point is in a state of yield. The230

compression yield limit is231

p = u · πa2σSC (1)232

Due to the relative motion, some of the adhesion points233

separate from the softer material. Assume that the probability234

of adhesion point separation per unit area is k and the wear235

of contact surface per unit area is.236

dV = k · u ·
2
3
πa3 (2)237

In general, for elastic materials, σsc ≈ H/3, H is the238

Brinell hardness.When the sliding displacements are 2a, the239

wear per unit displacement is:240

dV
dl
= k

u · 2πa
3

3

2a
=
kup
3σs
= K

p
3σs

(3)241

Based on the above study, the calculation equation of the242

Archard wear model embedded in the finite element simula-243

tion software ANSYS is as follows.244 
dV = K

p · dl
H

ω =
dV
dt
=
Kpnvms
H

n

h =
∫ t

0

V (t)
A(t)

dt =
K
H

∫ t

0

p · vs(t)
dA

dt

(4)245

where ω is the wear rate, in mm3/s; V is the wear volume,246

in mm3; H is the material hardness of the softer material,247

in Pa; p is contact pressure, unit N; vs is the sliding velocity,248

in m/s; m and n is velocity exponent and pressure exponent249

respectively; n is the in-plane normal direction.250

B. SIMULATION CONDITION SETTING251

The solution of the wear process is a nonlinear problem,252

which cannot be solved directly for wear in the integra-253

tion module. It is necessary to write an APDL command254

flow program to customize the intrinsic parameters of the255

Archard wear model. The parameters correspond as shown in256

Table. 1.257

Based on the actual lubrication of the four-rail electromag-258

netic launcher armature and guide rail, the C1 parameter for259

TABLE 1. Command parameters.

FIGURE 9. Armature and rail wear volume change curve.

this simulation test was determined to be 1×10−3; parameter 260

C2 was set to the hardness of the aluminum alloy material; 261

parameters C3 and C4 were set to 1, i.e., the contact pressure 262

and relativemotion speed generated by the actual load applied 263

during the simulation were used; the control term coefficient 264

C5 was set to 0, i.e., the contact pressure was used in the 265

wear calculation to further control the implementation of 266

the Archard model. Since all material parameters can be a 267

function of temperature, the effect of temperature on wear is 268

considered in solving for wear. 269

A contact pair is set up between the armature and the rail. 270

To prevent contact unit penetration, an enhanced Lagrangian 271

algorithm is used and nodal contact is employed as a detection 272

method. The contact surfaces of the two entities are set as 273

contact body and target body, and the contact surface set as 274

target body is examined for wear. 275

The process of wear will cause the missing of mesh cells, 276

so it is necessary to perform mesh update after each time step 277

calculation to adapt to the next iteration of wear calculation to 278

correct the mesh deformed by wear and ensure the condition 279

of the next iteration calculation is satisfied. The adaptive 280

mesh is set up using the APDL program and the adaptive 281

parameter is set to 50%; the analysis step length is taken 282

as 0.01ms, which is consistent with the kinetic analysis step 283

length. 284

C. ANALYSIS OF WEAR SIMULATION RESULTS 285

Based on the User Defined Result wear calculation method, 286

parameters such as wear volume and wear rate of the 287

contact surface can be evaluated. The expression relation 288
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FIGURE 10. Cloud of armature arm wear volume at different moments: (a) 0.005ms; (b) 0.01ms; (c) 0.015ms; (d) 0.3ms; (e) 0.4ms;
and (f) 0.5ms.

contnmisc189 is defined to simulate the wear profile of the289

contact surface mesh cell. Here the wear rate is defined as290

the wear volume per unit time. The pivot rail wear volume291

variation curve with firing time is shown in Figure 9.292

From the figure, it can be seen that the wear mainly occurs293

on the surface of the softer material, and the armature surface294

wear is serious, while the copper rail surface wear is relatively295

mild. At the moment of 0.5ms, the armature wear volume is296

372.83 mm3; the rail wear volume is 39.35 mm3, and the297

armature wear phenomenon is more significant. Under the298

same conditions, the armature wear volume is about 10 times299

that of the orbit after a single launch. Therefore, for the300

convenience of measurement and observation, the armature301

is chosen as the object of the wear characteristics study in302

the following. The wear volume cloud of armature arm at303

different moments is shown in Figure 10.304

From the figure, it can be seen that the wear mainly occurs305

at the armature throat at the beginning of the launch, and the306

wear area gradually shifts from the armature throat to the tail307

of the armature arm as time increases, which is consistent308

with the distribution of the contact pressure over time. This309

is because at the beginning of firing, the contact pressure at310

the armature throat is the highest, and the armature arm tail311

is separated from the rail. With the increase of pulse current,312

the armature arm undergoes outward expansion, which puts 313

the armature arm under a larger load. At the same time, 314

influenced by the principle of shortest path of current and 315

skin effect of current, the armature arm tail generates current 316

concentration and then generates a large amount of heat at the 317

armature arm tail, which causes the armature material near it 318

to fall off rapidly, so the armature arm tail wears the most 319

strongly, which is consistent with the Archard wear theory. 320

D. ELECTROMAGNETIC LAUNCH TEST 321

This test was conducted to verify the correctness and fea- 322

sibility of the wear simulation method for the electromag- 323

netic rail launcher by comparing the simulated and tested 324

armature wear patterns. The parameters of the pulsed power 325

supply used for the launch test are shown in Section II. Fig- 326

ure 11 shows the photographs of the electromagnetic rail 327

launch system before launch, the instant of armature dis- 328

charge and the instant of armature injection into the sandbox. 329

The state in the gun chamber was photographed using an 330

endoscope after firing, and the rails state after firing is shown 331

in Figure 12(a). The state of the armature contact surface after 332

the end of firing is shown in Figure 12(b). 333

It can be seen from the photos that the rail and armature 334

are covered by obvious wear and ablation. By comparing the 335
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FIGURE 11. Electromagnetic launch process: (a) Schematic diagram of the electromagnetic rail launch system before firing; (b) the moment of armature
discharge; and (c) the moment of armature injection into the sandbox.

FIGURE 12. Armature and orbital status after launch: (a) Rails Status; and
(b) Armature status.

armature arm wear simulation with the launch test, the wear336

pattern of the armature arm is basically the same. The wear337

on the armature head is slight while the wear on the armature338

tail is the most severe. The correctness and feasibility of the339

wear simulation method and the conclusions obtained were340

verified.341

E. ANALYSIS OF FACTORS INFLUENCING WEAR342

CHARACTERISTICS343

1) EFFECT OF ELECTROMAGNETIC THRUST ON WEAR344

CHARACTERISTICS345

During the electromagnetic emission, the electromagnetic346

thrust is different, then the power discharge waveform is also347

different, which will lead to the subsequent change of Lorentz348

force, then the lateral squeezing force between the pivot rails349

is changed. In order to control the variables uniquely, only the350

electromagnetic thrust is changed without changing the pivot351

rail contact. The variation curves of armature wear volume352

for the conditions of electromagnetic thrust of 20,000 N,353

30,000 N, 40,000 N and 50,000 N are shown in Figure 13(a).354

The speed variation curveswith time for different electromag-355

netic thrusts are shown in Figure 13(b).356

From the figure, it can be seen that the wear rate increases357

with the increase of electromagnetic force, but the wear358

rate varies under different electromagnetic thrusts. When the359

electromagnetic thrust is 20,000 N, the growth rate of wear360

volume with time does not change significantly, and the361

FIGURE 13. Effect of electromagnetic thrust on wear characteristics:
(a) Variation of wear volume with time; and(b) Variation of speed with
time.

armature wear volume reaches 134.36 mm3 at the moment 362

of 0.5ms armature movement; when the electromagnetic 363

thrust is 30,000 N and 40,000 N, the maximum wear vol- 364

ume is 249.55 mm3 and 364.15 mm3 respectively; when the 365
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electromagnetic thrust is 50,000 N, the The wear rate gradu-366

ally increases with time, showing exponential growth, and the367

wear volume reaches 559.41mm3 after 0.5ms of launch. with368

the equal proportional increase of electromagnetic thrust, the369

increase of wear volume does not change much.370

The wear volume distribution in the time domain was371

obtained by analyzing the variation law of the wear volume372

with time for different electromagnetic thrusts. However,373

in the process of changing only the electromagnetic thrust,374

the armature motion acceleration and velocity also change.375

In order to get the distribution of wear volume in the spatial376

domain, the change of armature motion velocity with time377

under different electromagnetic thrusts needs to be analyzed.378

From Figure 13(b), it can be seen that the armature slides with379

a certain acceleration under different electromagnetic thrusts,380

which shows a proportional correlation with the increase of381

wear volume under different electromagnetic thrusts. After382

reaching the peak current moment in Figure 13(a), the wear383

volume change curve for a period of time is locally enlarged384

and combined with the velocity curve observation, it can be385

seen that the armature start-up period is before the 0.02ms386

moment, the armature velocity is almost 0, and the armature387

wear volume is extremely small at this time. Therefore, the388

electromagnetic thrust affects the acceleration of armature389

movement, because the power discharge time is certain, if the390

generated electromagnetic thrust is too small, after the power391

discharge is over, the armature does not slide off the rail,392

which will affect the launch timing or even damage the393

electromagnetic launch device; if the electromagnetic thrust394

is too large, the armature movement speed is too high, which395

will aggravate the armature and rails wear and even the396

phenomenon of turning.397

2) INFLUENCE OF WEAR COEFFICIENT ON WEAR398

CHARACTERISTICS399

The wear coefficient responds to the smoothness between the400

contact surfaces. In order to study the effect of the wear coef-401

ficient on the wear volume, this section adopts the 0.14mm402

overload pivot rail model and applies the flat-top wave cur-403

rent excitation shown in Figure 2, then the electromagnetic404

thrust acting on the armature is shown in Figure 3. The wear405

coefficients K are set as 1 × 10−3, 1 × 10−4, 1 × 10−5, and406

1 × 10−6 respectively, and the four coefficients correspond407

to four different smoothness degrees between the pivot rails,408

and all other conditions are the same, and the firing process is409

simulated separately. The variation curves of armature wear410

volume with time for different wear coefficients are shown411

in Figure 14(a). The velocity versus time curves for different412

wear coefficient conditions are shown in Figure 14(b).413

From Figure 14(a), it can be seen that the wear coefficient414

has a large influence on the wear rate, and the larger the wear415

coefficient, the more drastic the occurrence of wear. When416

the wear coefficient is 1 × 10−6, the armature wear volume417

is only 1.975 mm3; when the smoothness of the pivot rail418

contact surface is reduced and thewear coefficient is 1×10−3,419

the armature wear volume reaches 372.83 mm3, which is420

FIGURE 14. Influence of wear coefficient on wear characteristics: (a) Wear
volume variation curve with time; and(b) Velocity versus time curve.

about 190 times of the wear coefficient for. From the partial 421

enlargement of Figure 14(a), it can be seen that the wear 422

coefficient has little effect on the armature motion speed in 423

the armature start-up section, although the effect of the wear 424

coefficient on the armature motion speed is also very small at 425

the 0.5msmoment. Combining Figure 14(a) and Figure 14(b), 426

it can be seen that the larger the wear coefficient, the worse 427

the contact condition, the larger the armature wear volume, 428

and the smaller the armature motion speed subsequently. 429

The wear is influenced by the wear coefficient, so in 430

the process of engineering application, in order to 431

reduce the wear of armature and rails and prolong the rails 432

life, the process level of armature and rail should be improved 433

as much as possible and the lubrication condition between 434

armature and rail should be improved. 435

V. CONCLUSION 436

In this paper, a finite element simulation method for electro- 437

magnetic rail gun wear prediction is proposed, and some con- 438

clusions with theoretical and engineering application value 439
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are obtained through the study of electromagnetic railgun440

launch test and friction wear, which have practical signifi-441

cance for extending the service life and engineering applica-442

tion of electromagnetic rail launcher.443

(1) Thewear between the support rails has a great influence444

on the stability of the launch, especially at high speed and445

heavy load (overfilling contact). According to the analysis of446

contact and wear characteristics, it can be seen that the wear447

of the frictional pair is proportional to the load, which is in448

accordance with Archard wear theory.449

(2) The wear of the electromagnetic rail launcher during450

a single launch occurs mainly on the armature, and the tail451

of the armature arm is severely worn, which is mainly deter-452

mined by the high current and strong contact load during the453

launch. The simulation results are consistent with the exper-454

imental verification results, which verifies the effectiveness455

of the wear simulation method.456

(3)With the increase of electromagnetic thrust, the increase457

of armature wear does not change much and is approxi-458

mately equal; the armature wear is greatly influenced by the459

wear coefficient. When the wear coefficient increases from460

1 × 10−6 to 1 × 10−3, the armature wear increases about461

190 times. Therefore, in order to reduce the wear between the462

pivot guides, the lubrication conditions should be improved as463

much as possible.464
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