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Abstract

The problem of a pulsed high-energy electromagnetic field action on an
edge crack in a thin plate, reproducing the pioneering experiment of So-
viet scientists on the destruction of the crack tip by a strong electromag-
netic field, is considered. The numerical simulation is based on the proposed
electrothermomechanical model of a short-pulse high-energy electromagnetic
field (HEMF) action on a material with a crack. The model takes the phase
transformations (melting and evaporation) of the material occurring in the
vicinity of defects and the corresponding changes in the rheology of the
material in the areas of these transformations into account, as well as the
possibility of electric current flowing between the free surfaces of the crack
(breakdown due to electron emission). All physical and mechanical proper-
ties of the material are considered temperature-dependent. The model equa-
tions are coupled and solved together on a moving finite element grid using
the arbitrary Euler-Lagrangian method. The processes of localization of the
current density and temperature fields, phase transformations (melting and
evaporation) at the crack tip, autoelectronic and thermoelectronic emissions
between free crack surfaces, and the effect of these processes on crack heal-
ing are investigated. The simulation results are compared with the available
experimental data on the pulse field action on the edge crack in the plate.
The average metal heating rate, temperature gradients and time forming of
the crater obtained in the vicinity of the crack tip are in good quantitative
agreement with the experimental data. Away from the crack, as well as on
the crack sides away from the tip, the temperature rises slightly. The pro-
cess of modeling the electromagnetic field action, similar to the experiment,
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was accompanied by melting at the crack tip, as well as metal evaporation.
Thus, under the considered current action, a crater is formed at the crack
tip, which prevents the further spread of the crack, leading to its healing.
It was not possible to obtain similar results using the previously proposed
models.

Keywords: pulsed electromagnetic action, defect healing, crack arrest, high-
energy field.
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Introduction. An external electromagnetic field is applied to the conduc-
tive sample, which induces a current in the material with a current density of
108 to 10' A/m? during short time interval. A pulsed electromagnetic field is
called a high-energy electromagnetic field (HEMF) if electromagnetic action du-
ring 107 — 1073 s leads to amount of the scattering specific electromagnetic en-
ergy in the material within the range 108 < q < 1010 J/m3.

The presence of defects in the conductive solid leads to the localization (con-
centration) of the electric field in their vicinity. This causes a locally inhomoge-
neous temperature distribution in the material, due to the increased dissipation of
electromagnetic energy in the area of defects, or rather in their sharp tips. The use
of this circumstance to explain the healing by short pulses of high-density current
of cracks propagating in siliceous iron under the influence of pulsed HEMF was
carried out for the first time in [1].

Experiments [1,2] show that HEMF action leads to a sharp temperature in-
crease at the microcracks tips. As a result, melting, evaporation, microexplosion,
and crater formation occur at the macrocracks tips.

Thus, the resulting crater prevents the further crack propagation and leads to
crack healing.

In particular, these experiments showed that when short pulses of high-density
current induced by the HEMF were applied to the edge crack in a thin plate in
the vicinity of its tip, a sharp temperature increase was observed: the measured
heating rate was 107 °C/s, the temperature gradients were 106107 °C/m, and the
temperature away from the crack did not exceed 10°C. Such rates and localities
of heat release led to melting and evaporation of the material at the tip of the
crack, accompanied by a microexplosion, which ejected the explosion products
from the crack tip in a direction perpendicular to the plate plane. At the same
time, a crater formed at the crack tip [1].

A number of researchers have attempted to model the electrical, thermal, and
mechanical processes that occur during the above-described pulsed action of the
HEMF on a crack in a plate.

These processes were considered both in quasistatics [3-9] and in dynam-
ics [11]. The plate material was assumed to be thermoelastic [7,9], thermo-rigid-
plastic [10], thermoelastoplastic [11], and the deformations were small. The pro-
cess of thermal conductivity is described by Fourier’s law. In the works [3-5],
the magnetic effects arising under the HEMF pulse action were also taken into
account.
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The simulation showed that an inhomogeneous temperature field occurs near
the macrocrack and temperature localization reaches the melting point in the
vicinity of the macrocrack tip. Compressive stresses occurring in the vicinity of
the crack tip led not only to the crack arrest, but also to the convergence of its
sides (partial closure of the defect). However, these models allowed to describe
the process of heating and deformation only qualitatively: the heating rate, tem-
perature gradients, and the time of the beginning of melting in the vicinity of the
crack tip, obtained as a result of modeling, were significantly different from those
observed in experiments [1,2]. Within the considered above models the tempera-
ture at the crack tip could not reach the evaporation temperature, therefore these
models failed to describe the processes of explosion and the formation of a crater
in the tip.

Due to mathematical difficulties in the analytical solution of electrothermoe-
lastic (rigid-plastic) and numerical solution of electro-thermoelastic problems,
none of the models [3-10] allowed (in the context of the assumption of small
deformations) to trace the effects of the stress-strain state in the vicinity of the
defect tip on the electric and temperature fields consistently. In addition, none
of these models took into account the phase transformations in the metal and
the resulting changes in rheology, including the dependence of the physical and
mechanical properties of the metal on temperature after changes in the aggregate
state of the substance during deformation. Therefore, the models under consider-
ation did not allow coupling study of the determining processes occurring at the
crack tip under the current pulse action.

Meanwhile, as shown in [1], the absolute temperature values (and its gradients)
obtained in experiments are very large, they obviously exceed the melting point
and reach the evaporation temperature of the metal. Under such conditions, it is
necessary to take into account the changes in the aggregate state of the substance,
the dependence of the properties of the metal on temperature and their influence
on the stress-strain state.

To eliminate these lacks, we propose a quasi-stationary model of pulsed HEMF
action on cracks in metal and a numerical method for solving the resulting system
of equations.

On the basis of the developed model, the problem of the short-term HEMF
action on the edge crack (with a rounded tip) in the plate is solved, which numeri-
cally reproduces the experiment performed in [1]. Changes in the electromagnetic
and temperature fields, as well as in the aggregate states in the vicinity of the
crack, are studied.

The study of these processes will allow us to understand the mechanism of
healing of microcracks in plates under the HEMF action better and get closer
to explaining the experimentally observed processes of healing fatigue cracks by
welding their sides.

1. Electrothermomechanical model. Consider the dynamic response of a
conducting plate to a HEMF pulse that induces a high-density electric current
in the plate material for 107* s. There is an edge crack in the plate, as shown in
Fig. 1. Our purpose is to reproduce the experiment carried out in the work [1]
and to quantify the observed effects.

We formulate the assumptions and equations of the analytical model for de-
scribing the electrical, thermal and mechanical processes occurring in the plate
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Figure 1. The sketch of the specimen
15x50%x0.3 mm with the edge crack (the
crack length is 7.5 mm, including the
rounding at the tip with a radius of 10 pm,
the crack has parallel sides and thickness
is 20 pm); only the upper half of the sam-
ple is simulated in FEM due to the sym-
metry; jo(t) are electrical current density
vector applied to plate sides
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material. The characteristic time of each of these processes is approximately in-
versely proportional to the propagation velocity of the corresponding perturba-
tions. If we neglect the electromagnetic induction and viscosity during the propa-
gation of mechanical disturbances, then the time required to establish the electro-
magnetic and mechanical processes considered in this model is 10713-10712 s and
10781077 s, respectively. This is significantly less than the time of the external
action of the HEMF source (1074 s).

Therefore, to obtain the electric potential ¢ in a conducting material, we use
the law of conservation of charge (assuming that the current in the sample is
steady). Since we search for a numerical solution by the finite element method,
we use it in the variational formulation (1) [12|. At the same time, the laws of
Ohm and Joule-Lenz are considered valid for the material.

The displacement field u is determined from the equilibrium equations written
in the form of the virtual work principle (2) [12|. The deformations are assumed
to be finite. In this case, the additivity of the rates of elastic, plastic, and tem-
perature deformations is assumed (2). For the velocities of elastic and plastic
deformations, Hooke’s law for an isotropic body (3) and the associated flow law
with the Mises plasticity (4) condition are assumed to be valid, respectively. The
rates of temperature deformations are assumed to be linearly related to the tem-
perature derivative (5).

The analytical estimates show that during pulsed electromagnetic field action,
the current density at the crack tip is such that the relative temperature change
at the distances of the order of the free path of phonons (and electrons) is greater
than one. It is also evidenced by the measured temperature gradients in the vicin-
ity of the crack vertices, which turn out to be very large [1| It is not correct to
apply the Fourier law of thermal conductivity in this case. In addition, the time
of electromagnetic impact on the material is small, 10™% s. Therefore, thermal
conductivity should be neglected and the process of HEMF exposure should be
considered adiabatic (6).

The temperature field T" is determined from the law of conservation of energy.
In this case, we take into account the heat released in the unit volume in the
current configuration of the body per unit time (6) due to the flow of electric
current in accordance with the Joule-Lenz law (7), the heat released during plastic
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deformation (8), as well as the latent heat absorbed in the processes of melting
and evaporation. Therefore, the resulting evolutionary equation for temperature
should be extended with equations (9) and (10), which represent the conditions
for the absorption of latent heat during the transition of a substance from one
aggregate state to another: from solid to molten during melting and from liquid
to gaseous during evaporation.

As noted above, during the current action on the crack in the plate, the metal
temperature changed from room temperature to the evaporation temperature [1]
Therefore, all the physical and mechanical characteristics of the model (density,
specific heat, electrical conductivity, coefficient of thermal expansion, elastic mod-
ulus, yield strength, etc.) are assumed to depend on the temperature over the
entire range until the evaporation temperature is reached.

At the points where condition (9) is realized, the material is considered molten.
In this case, there is a sharp change in all the physical properties of the material:
electrical conductivity, heat capacity, density, coefficient of linear expansion and
all other mechanical characteristics of the material. Such a change in the properties
of the material corresponds to the available experimental data given in [14-16],
which shows the dependence of the properties of various metals on temperature.
In this case, there is a decrease in some (elastic modulus, yield strength, linear
expansion coefficient, etc.) and an increase in others (density, etc.) of the physical
characteristics of the material [15,16].

Thus, in the model under consideration, when the melting temperature was
reached the material does not lose the ability to conduct an electric current [15,16]
and after the metal completely passes into the molten state, the melt is heated
further. As the result, elastic modulus decreases and the yield limit falls to zero
which allows us to describe the behavior of the molten material by the same con-
stitutive equations (3)—(5), which degenerate for the melt into thermoviscoelastic
with nonlinear viscosity.

At the points where condition (10) is realized the material is considered to have
completely evaporated. At all subsequent times, the current density j = 0, the
stress tensor 0 = 0 and the temperature are assumed to be constant T = Teyap.
Therefore, in the model under consideration, from the time when the material
completely evaporates, the metal loses its ability to conduct an electric current,
its further heating does not occur, it loses the properties of a viscous liquid and
is considered as a rarefied gas.

The complete system of equations of the considered electrothermomechanical
model has the form [12,13]:

/VégpaE(T)VgodV:/&pde, j:aE(T)Ez—aE(T)ai, (1)
1% S ox

/a:edvz/t-aud3+/ f-oudV,  &=¢% &P 4 éth (2)
14 S \%
= MNT)e: 1+ 2u(T) " (3)
0P .
. pl _ _ .
P :Aa—azAs, a=oy(T), o =1/3s:s (4)
de™ = o(T) 1dT, (5)
p(T)e(T)T = rE 4 Pl 4 pmelt 4 peval (6)
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=" E =" Voo Vo, (7)
PPl = pPlg Pl (8)
tliq
T = Thnelts fsol ST tliq; / (TE + Tpl)dt - pAmelta (9)
tsol

tevap
T = Tevapa teliq <t < tevapa / (TE + Tpl)dt = PAevap- (10)

teliq

The notation in this equations is given in [12,13].

The boundary and contact conditions for the electrical potential ¢, displace-
ments u and stresses o at the boundaries of the integration domain used in this
model, as well as the initial conditions, coincide with those considered in [12,13].

2. Results of numerical simulation. Equations (1)—(10) of the electrother-
momechanical problem coupled with boundary, contact, and initial conditions
were solved by the finite element method for a plate with an edge crack in a
3D formulation. The calculations were done using 20-node quadratic brick finite
elements.

Simulation was done for zinc samples, the physical and mechanical proper-
ties of which and their dependence on temperature were taken in accordance
with [15,16].

The electric potential difference and its change from t used in the calculations
were selected so that the induced current density coincided with the one measured
in the experiment [1]. The pulse duration was 160 ps.

Fig. 2 a shows the stress field o33 in the vicinity of the crack tip at ¢t = 29.5 ps.
Fig. 2 a shows that compressive stresses occur at the crack tip, which prevent
further crack propagation. This result corresponds to the results obtained using
models [3-6,10], which also predicted the appearance of stresses compressing the
crack sides at the crack tip. At the same time, calculations show that the residual
plastic deformations in the vicinity of the crack tip reach tens of percent. This
gives reason to believe that the restoration of the distance between the banks
of the crack to the original size will not occur and after the relaxation of the
temperature the sides will remain close together.

A sharp increase in temperature in the vicinity of the crack tip under HEMF
pulse action was observed in the experiments presented in [1]. The measured

Figure 2. a) normal stress field o33 along vertical axis in the vicinity of the crack tip at
t = 29.5 ps; b) temperature field in the vicinity of the crack tip at time ¢ = 38 ps immediately
after the forming of the crater (the gray area is the crater zone)
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heating rate in the vicinity of the crack tip was on the order of 107°C/s, the
local temperature gradients were 6.0 - 105-5.0 - 107°C/m, and the temperature
change did not exceed 10°C away from the crack. At the same time, melting and
evaporation of the material was observed at the tip of the crack, accompanied by
a microexplosion with the release of products from the crack tip in the direction
perpendicular to the plate plane and the formation of a crater.

The results obtained by the proposed model are in good quantitative agree-
ment with the experiment: the calculated average heating rate (in the vicinity of
the crack tip with a radius of 10 pm) was 6.3 - 107°C/s, and the local temperature
gradients were 107-10%°C/m. Away from the crack, the temperature did not rise
more than 10°C (at times exceeding 100 ps), nor did heating occur on the sides
of the crack away from the tip.

The process was accompanied by melting at the crack tip, as well as evapora-
tion of the metal. Melting begins at the crack tip at time ¢t = 6.5 ps, and the melt
moves in a direction perpendicular to the plate plane. Evaporation begins at the
time t = 31 ps. The time of crater formation can be associated with an interval
of 31-38 ps. In the experiment, the crater was formed at 3845 ps.

Thus, under the considered current action, a crater is formed at the crack tip,
which prevents the further spread of the crack, leading to its healing.

Fig. 2 b shows the temperature field in the vicinity of the crack tip at time
t = 38 ps (immediately after the forming of the crater).

Calculations based on the proposed model showed that the autoelectronic
(tunnel) emission between the free surfaces (sides) of the crack does not occur
due to the insufficient potential difference for this under the considered HEMF
action. While the thermoelectronic emission current between the crack banks can
be neglected, since its density is significantly less than the current density induced
by the HEMF in the vicinity of the crack tip.

3. Conclusions. Thus, there is reason to believe that the model reproduces
the main features of electrothermomechanical processes in the vicinity of microde-
fect correctly, describing the process of healing a crack and forming a crater.
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AnHOTan M

Paccmarpupaercs 3a1ava 0 BO31€CTBIN UMITYJIBCHBIM BBICOKOIHEPIeTHU-
YEeCKUM 3JIEKTPOMATHUTHBIM II0JIEM Ha KPaeBYIO TPENIUHYy B TOHKOM ILIa-
CTHHE, BOCIIPOM3BOISIIAS THOHEPCKUN IKCIEPUMEHT COBETCKUAX YUIEHBIX IO
Pa3pYIIEHUIO BEePITUHBI TPEIIUHBI CHJILHBIM 3JIEKTPOMATHATHBIM ITOJIeM. Juc-
JIEHHOE MO/IEJTUPOBAHUE OCYIIECTBIISIETCS HA OCHOBE MIPEJJIOXKEHHOM 3JIEKTPO-
MEXaHWYIeCKOM MOJIEN BO3/EHCTBUSI KOPOTKOMMILYJIHCHBIM BBICOKOIHEPIeTH-
YECKUM 3JIEKTPOMATHUTHBIM II0JIEM Ha MaTepuaJi ¢ TpermuHoil. Mogesns y4aun-
ThIBaeT (pa30BbIe IpeBpallenusi (IUIABIeHne U UCIIaPEeHNe) MaTepraJa, IIpo-
HCXOJISIIIIE B OKPECTHOCTH J1e(DEKTOB, M COOTBETCTBYIONINE U3MEHEHUST PEO-
JIOTWH MaTepuaja B 00JACTIX ITUX TPAaHCHOPMAIIU, & TAKXKE BO3MOKHOCTH
MIPOTEKAHUST JIEKTPUIECKOTO TOKA MEXKTy CBOOOTHBIMY ITOBEPXHOCTSIMU TPE-
muHbl (Tpo6ost 3a CIET SMUCCHUHU JIEKTPOHOB). Bee dbusnko-MexaHmIecKne
XapaKTEePUCTUKUA MaTepuaja CUYUTAIOTCS 3aBUCAIIUMU OT TEMIEPATYPHI.
YpaBHEHUs] MOJIEJIA CBSI3aHBI U PEIIAIOTCS COBMECTHO Ha, ITOJIBUKHON KOHEY-
HO-3JIEMEHTHOI CeTKe C IIPUMEHEHIEeM CMENIanHoro MeTo/a Jditrepa—Jlarpan-
xka. Vcenemyorest mporecchl JIOKAJIN3AnN MOJIel IIOTHOCTH TOKA W TeM-
neparypsbl, (a30BbIX IpeBpalleHuii (IUIABJIEHUs U UCIADEHHsI) B BEpIIUHEe
TPEIUHBI, ABTOIJIEKTPOHHON U TEPMOIJIEKTPOHHOM IMHUCCUU MEXKJTy CBOOOI-
HBIMU [TOBEPXHOCTSIMY TPEIUHBI U BJIMsIHAE 3TUX IIPOIECCOB HA 3aJIeYNBaHUE
Tpemuubl. [IpoBonuTCst CpaBHEHNE PE3YJIBTATOB MOIEJIMPOBAHUS C NMEFOIIIH-
MHUCS KCIIEPUMEHTATBHBIMA JTAHHBIMU 110 BO3JEHCTBUIO MMILYJIBCHOTO TIOJIsT
Ha KpPaeByIO TPEInHy B IiacTuHe. [loydeHHble B OKPECTHOCTH BEPIIUHBI
TPEIUHBI CPEJIHsIsT CKOPOCTh HAIPEBa METAJIa U I'PaUEHThl TeMIEePaTyPhI
HEIJIOXO KOJIMIECTBEHHO COTJIACYIOTCS € SKCIIEPUMEHTAJBHBIMUA JTAHHBIMU.

O6Gzop
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Kykynxanos K. B., Jleurun A. JI., Yrypuuen Y. X.

Braasu or Tpemunbl, a Takyke Ha 6eperax TPEIMHBI BJAJIA OT BEPIITUHBI T€M-
epaTypa MOoJHIMAJIACh He3HAUNTeJbHO. [Iponecc MonesnpoBanust Bo3eli-
CTBHUS JIEKTPOMArHUTHBIM II0JIEM, aHAJIOTMYHO 3KCIIEPUMEHTY, COIIPOBOXK-
JaeTcs IJIaBJIEHNEM B BEPIIMHE TPEIIUHBI, a TaK>Ke WCIIapeHUeM MeTaJjllIa.
Taxum 06pa3oM, Tpu pacCMaTPUBAEMOM BO3JIEHCTBUN TOKOM B BEPIIIHE TPe-
MUHBI (DOPMUPYETCS KPATEP, KOTOPHIN IPEISATCTBYET JAJTbHEHIIIEMY PACIPO-
CTPaHEHUIO TPEIUHBI, IPUBO/IA K ee 3ajednBanuio. [logyanTs anamornanbie
pe3yJIbTaThl C IIOMOIIBIO paHee IIPeJJIO?KEHHBIX Mojieseil He y1aBaJjIoCh.

KuroueBble ciioBa: MMITyIbCHOE 3JIEKTPOMATHUTHOE BO3/eiICTBUE, 3aJI€1n-
BaHue 1ePeKTOB, TOPMOXKEHNE TPEIUHBI, BBICOKOYHEPTETUIECKOE TIOJIE.

IMosnyuenne: 11 oxkrsitpst 2020 r. / Wcnpasaenne: 15 deppamns 2021 r. /
pungarue: 10 mapra 2021 1. / [y6iukanus omnaiin: 23 mapra 2021 r.

Koukypupyroriue nuHTEpEChI. 3asBJIsieM, 9TO B OTHOIIIEHUN aBTOPCTBA U Iy OIuKaIm
9TOi cTaThbu KOHMIINKTA UHTEPECOB HE UMEEM.

AsBTopckuit BkJasa u orBercrBeHHOCTh. K.B. KykymkaHoB — ujest ucc/ie0BaHUsl,
dopMyIMpOBKa TIe/ieil U 3a/a9 UCCJIEIOBAHNS, TEOPETUICCKIUI aHAIN3, aHAIN3 PE3y/Ib-
TATOB PacYeTOB, PYKOBOJCTBO U KOHCYJLTUPOBAHUE, YEPHOBUK M YUCTOBHK PYKOIIHCH.
A.JI. JleBuTuH — BBIIIOJIHEHNE PACUYETOB, AHAJIN3, BUyaJIu3allusl U BEPUMUKAIIAS PE3Y/Ib-
TaTOB PacYeTOB, YEPHOBUK M YUCTOBUK pykomnucu. ¥.X. YTrypumneB — aHAJIU3 JUTEPATY-
PBbI, aHAJIN3 SKCIIEPUMEHTOB, aHAJIN3 PE3YIbTaTOB PACUCTOB, YePHOBUK YACTU PYKOIUCH.
ABTOpBI HECYT TIOJHYIO OTBETCTBEHHOCTD 32 MPEJOCTABICHIE OKOHUYATEHLHON PYKOIUCH
B nmedarh. OKoHYaTeIbHAs BEPCUsT PYKOINCH ObLIa OJ00peHa BCEMU aBTOPAMI.
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