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Study of the copper structure samples externed to extreme influences

This work is devoted to the study of changes in the crystal structure, chemical and phase composition of cop-
per samples subjected to extreme effects of temperature, pressure and electromagnetic fields. With the help of
X-ray diffraction, as well as microanalysis, it was revealed that the plastic deformation of copper wires in the
car power supply system leads to the formation of a superconducting Cu,O phase. This is the reason for the
rapid ignition of the car, as it leads to a sharp increase in the magnitude of the electric current and temperature
in the plastic deformation zone of copper wires. During explosion welding of copper samples, the Cu,O phase
appears on their surface, which has superconducting properties. This significantly changes the electrophysical
properties of copper samples. In metallurgical processes during the smelting of copper products, there is a
possibility of the appearance of a superconducting Cu,O phase. When modifying a copper melt with harden-
ing additives, the superconducting Cu,O phase makes it possible to obtain fracture-resistant copper products
with high electrical conductivity. Plastic deformation of a copper foil 30 mkm thick by a magnetic field gen-
erated by a current of 180 kA leads to the formation of a texture and rupture of the foil. This has been detect-
ed using X-ray diffraction, as well as optical and scanning electron microscopy.

Keywords: copper samples, ignition zone, plastic deformation, explosion processing, deformation by electro-
magnetic wave flow.

Introduction

In recent years, with the continuous development of science and technology, the number of new high-
power electrical appliances used in people's daily lives is growing. This increases the requirements for the
structure and properties of products in the electrical industry.

The formation of copper oxide particles in copper wiring under extreme impacts in copper wire is de-
scribed in articles [1, 2]. The following works [3—-8] are devoted to the study of the current overload of cop-
per conductors, accompanied by a current pulse and plastic deformation. The possibility of high temperature
superconductivity in a copper conductor, with the formation of Cu,O, is discussed in [9]. In the tech-
nique [10], a diffractometric method for studying copper conductors with melting was first proposed based
on the detection of Cu,O. The same is reported by the authors of [11].

The purpose of our work is to investigate structural and phase changes in various copper samples sub-
jected to extreme effects of high temperatures, mechanical loads and electromagnetic fields, which make it
possible to increase the strength and electrical conductivity of copper products.

To achieve this goal, the process of current overload in the electrical system of cars was investigated.
For this, fragments of copper conductors subjected to current overload [3-8] were studied, which made it
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possible to establish changes in the crystal structure and chemical composition. Similar experiments were
carried out to study the surface of a copper cylinder subjected to an explosion, as well as when copper foil
was compressed by a magnetic field. The magnetic field has a significant effect on metals: it can set the met-
al in motion, cause plastic deformation and heat the metal. When a strong pulsed, field interacts with a metal
conductor the first interesting effects appear in the range of 0.1-1 MOe.

It is necessary to increase the strength of copper products that are exposed to electromagnetic fields.
Near 400 kOe, the diffusion of the magnetic field becomes nonlinear, and the magnetic pressure exceeds the
yield strength of most metals [11].

Since copper has rather low yield strength, it is necessary to increase the strength of copper products by
introducing hardening additives into it during smelting. Known strengthening additives dramatically reduce
the electrical conductivity of copper [12].

Material and methods of research

The sections of the conductors of the electrical system of the car, subjected to current overload and hav-
ing signs of residual plastic deformation, were studied, since, according to [7, 8], it is these signs that indi-
cate an electric arc process, accompanied by a pulsed field, and causing the car to ignite.

For the study, copper conductors seized from the scene of a car fire were used. Fragments of damaged
copper conductors were filled with epoxy resin in a standard holder, which were then ground and polished as
shown in Figure 1.

Figure 1. Fragments of copper conductors subjected to current overload and prepared for research

The holder with conductors was examined in an Xpert PRO X-ray diffractometer (U =40kV,
I =30 mA CuKa) and a scanning electron microscope with a microanalyzer.
Figure 2 shows images of fragments of a sample of a copper cylinder torn apart by TNT.

Figure 2. Fragments of a copper cylinder torn apart by TNT

Figures 3 a, b show fragments of a copper foil sample before and after the magnetic field destruction
test. The micrograph (Fig. 3 a) shows traces of rolling; this confirms the x-ray diffraction image below.

74 BecTHuK KaparaHamHCKoro yHuBepcuteTta



Study of the copper structure samples ...

Figure 3. Fragments of a sample of copper foil before (a) and after (b) the magnetic field destruction test.
The micrograph (a) shows traces of rolling, which confirms the X-ray diffraction picture

Results and discussions

Figure 4 shows a picture taken in a scanning electron microscope from a section of a copper wire sub-
jected to current overload and removed from a burned-out car. It can be seen how cracks appeared in the
plastically deformed section of the copper wire, from which drops of liquid copper were formed. The drop is
shown in a separate Figure 5.

Figure 4. Ball melting on the bends Figure 5. Ball melting of the end
of the deformed conductor [5] of the copper conductor [5]

X-ray fluorescent energy spectra were obtained from such a drop (Fig. 6 and Table 1). The drops con-
tain mainly copper and oxygen (Table 1). The temperature exceeding the boiling point of copper (10830C)
arose in the bending zones, that is, in the zones of mechanical load transferred to these wires during plastic
deformation [5]. Since the flow of mechanical energy per unit time during plastic deformation in a localized
zone was too large, the energy turned into heat. As a result of heating the copper conductor, the insulation
ignited, which was intensified due to the electric arc process that arose due to the formation of a supercon-
ducting Cu,O layer in the surface layer of copper wires with an increase in their temperature.

Figure 6. Image of the areas where X-ray spectral analysis was carried out [5]
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Table 1
Ball Reflow Spectra

0] Al Si Cu Total
12.24 1.45 86.31 100.00
17.24 3.84 78.93 100.00
4.69 3.06 92.24 100.00
9.22 6.15 84.63 100.00
14.32 1.30 0.82 83.56 100.00
9.38 3.16 87.46 100.00
17.24 6.15 0.82 92.24
4.69 1.30 0.82 78.93

X-ray diffraction revealed the presence of a superconducting Cu,O phase in drops that appeared in the
damage zones of copper conductors (Fig. 7a).

The presence of the superconducting phase [13] increases the current, which leads to an instantaneous
increase in temperature, exceeding the melting point of copper (1083 °C). The X-ray diffraction pat-
tern (Fig. 7a) shows the diffraction intensities and angles: 111 Cu, 200 Cu, 220 Cu reflections. We also see a
weak reflection of the Cu,O phase (before 111 Cu). The formation of this phase is associated with the pro-
cess of car ignition.
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Figure 7 a. X-ray diffraction pattern obtained from samples of copper wire subjected to current overload [9]
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Figure 7 b. X-ray diffraction spectrum obtained from a sample subjected to an explosion with TNT

Figure 7 b shows an X-ray pattern obtained from a copper sample treated with an explosion, and the in-
terpretation data are given in Table 2.
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Diffraction spectrum of a copper sample contain the Cu,O phase

Ne HKL dnA] 20 [°] | [%]
1 011 3.01864 29.569 5.1
2 110 3.00 03
3 111 2.46471 36.424 100
4 111 2.45 100
5 020 2.13450 42.309 353
6 121 1.74281 52.461 1.2
7 022 1.50932 61.367 28.6
8 122 1.42300 65.547 0.0
9 031 1.34998 69.584 0.3
10 131 1.28715 73518 22.1
11 132 1.14094 84.931 0.2
12 200 2.12 31
13 222 1.23235 77.374 48

Table 2

From a comparison of the X-ray image interpretation table [14], presented in Figure 7 a and 7 b and the
tabulated values of copper Cu (Table 3) and copper dioxide Cu,O (Table 3), we see that the same processes
occur in the samples of copper wire from a burnt car and an exploded copper sample. By analyzing the
chemical composition of an exploded copper sample and comparing the chemical composition of copper
wire samples after combustion, we can conclude that in both cases copper dioxide is formed.

Table 3
Diffraction spectrum of Cu,O
d = 2.08603 43.341 2.086 100.0 111 100 2.088 -0.002 3.613
d=1.80617 50.489 1.806 20.4 200 46 1.808 -0.002 3.612
d=1.27697 74.202 1.277 83.3 220 20 1.278 -0.001 3.612
d =1.08980 89.954 1.090 315 311 17 1.090 0.000 3.615
d =1.04357 95.146 1.044 11.9 222 5 1.044 0.000 3.617

The exploded sample was examined using a JEOL 683 scanning electron microscope with a

microanalyzer. A micrograph and an energy dispersive spectrum are shown in Figure 8.

Figure 8. Scanning electron microscopy energy dispersive analysis
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Table 4
Energy-dispersive spectrum obtained from the surface subjected to an explosion

(0] Al Cu Total
1.51 0.30 98.19 100.00
3.39 0.58 96.03 100.00
12.88 0.63 86.49 100.00
15.20 0.60 84.20 100.00
8.25 0.53 91.23 100.00
6.80 0.15 6.91
15.20 0.63 98.19
151 0.30 84.20

Table 4 shows that the sample subjected to the explosion contains copper, oxygen and a small admix-
ture of aluminum. During explosion welding, the effect of pressure on metal conductors can lead to an in-
crease in the internal energy of the latter to values that significantly exceed the chemical binding energy in
solids. Obviously, at such levels of energy impact, the properties of metals (the behavior of atoms and ions in
the lattice), as well as the transport properties of electrons, can differ significantly from those that occur un-
der normal conditions. The change in the binding energy in solids is the result of solid-state synthesis.

It is known that a feature of solid-phase synthesis is the high values of the diffusion coefficients of at-
oms or ions of the components in the solid phase. Unlike ordinary diffusion, which is determined by the con-
centration gradients of the components, this type of diffusion is called “deformational atomic mixing” or
“ballistic diffusion”. A variety of assumptions have been made regarding the mechanism of this process, but
there is still no consensus on the mechanism of deformation atomic mixing [15]. Thus, the external pressure
gradient leads to the appearance of new phases.

Samples of copper foil subjected to magnetic field pressure as a result of the passage of a high frequen-
cy current were examined for structural changes. The X-ray diffraction interpretation spectrum obtained
from a section of a copper foil sample compressed by an electromagnetic wave (Fig. 3 b).

Using X-ray diffraction had studied of areas the torn sample. It was shown that the lattice parameter of
copper can change both upward and downward. The lattice parameter of copper can vary depending on the
localization of deformation, which clearly exceeded the yield strength of copper. As a result of the impact of
an electromagnetic wave, as a stream of charged particles, the copper foil broke. The dependence of the en-
ergy flux of the current magnetic field on the magnitude of the alternating current is given by the expres-
sion [16]:

_LI?
M2
W = current magnetic field energy; L = inductance; | = current in conductor.

Using X-ray diffraction and optical microscopy (Fig. 3a), it was found that compression of a copper foil
30 mkm thick by a magnetic field created by a current of 180 kA leads to its plastic deformation and the
formation of texture [17].

Thus, studies of changes in the crystal structure, chemical and phase composition of copper samples
subjected to extreme effects of temperature, pressure and electromagnetic fields have shown the possibility
of mechanochemical reactions that change the crystal lattice of the material of copper samples and the ap-
pearance of new phases.

With the help of X-ray diffraction, as well as microanalysis, it was revealed that the plastic deformation
of copper wires in the car power supply system leads to the formation of a superconducting Cu,O phase. This
is the reason for the rapid ignition of the car, as it leads to a sharp increase in the magnitude of the electric
current and temperature in the plastic deformation zone of copper wires. Plastic deformation of a copper foil
30 mkm thick by a magnetic field generated by a current of 180 kA leads to the formation of a texture and
rupture of the foil. This has been detected using X-ray diffraction, as well as optical and scanning electron
microscopy.

During explosion welding of copper samples, the Cu,O phase appears on their surface, which has su-
perconducting properties. This significantly changes the electrophysical properties of copper samples. In
metallurgical processes during the smelting of copper products, there is a possibility of the appearance of a

W
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superconducting Cu,O phase. When modifying a copper melt with hardening additives, the superconducting
Cu,0 phase makes it possible to obtain fracture-resistant copper products with high electrical conductivity.
The electrical resistivity of pure copper is 1.7-102 Ohm*mm?m. When modified, it can increase up to 35 %,
which significantly worsens the properties of electrical copper. Due to the fact that Cu,O is formed in the
reaction mixture during the smelting of copper products, the electrical resistance of the material is signifi-
cantly reduced.

Conclusions

1. During plastic deformation of copper wires located in the power supply system of the car and sub-
jected to current overload, the formation of the superconducting Cu,O phase occurs at a high speed, which
leads to ignition of the insulation and ignition of the car.

2. During explosion welding of copper samples, the Cu,O phase appears on their surface, which has su-
perconducting properties.

3. Using X-ray diffraction and optical microscopy, we found that compression of a copper foil 30 mkm
thick by a magnetic field created by a current of 180 kA leads to its plastic deformation, texture formation
and rupture.

4. It was found that in copper samples under conditions of extreme energy exposure, a superconducting
Cu,0 phase can form, which affects the electrical properties of copper samples.
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I'.C. bekracoBa, K.M. HUcuna, I'.'T. Umanxkanosa, JI.1. Ksermnuc,
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JKCTpeMasibl dcepJiepre YIIbIParaH MbIC YJTiepiHiH KYPbLIBIMBIH 3epTTEY

Makana TemIiepaTypaHblH, KBICBIMHBIH JKOHE DJICKTPMAarHUTTIK ©PICTEPAiH dKCTPEMAIIbl dCepiHe YITbIpaFraH
MBIC YJTUIEPiHIH KPUCTAIIBIK KYPBUIBIMBIHBIH, XUMUSUIBIK JKOHE (pazaiblK KYpaMbIHBIH ©3TEpyiH 3epTTeyre
apHairaH. PeHTreH coynenepiHiH IUQPaKIMACHIHBIH, COHBIMEH KaTap MHKpOTanjay aHBIKTaFaHIaH,
ABTOMOOWJIB/IIH D3JIEKTPMEH J>KaOJbIKTay >KYHeciHAeri MbIC CHIMAAPBIHBIH IUIACTHKANBIK Ae(hOpManusChl
ackplH oTki3rimr Cu,O a3aceiHBIH maiiga OoiyblHa oKeJeTiHI aWKbIHAAIABL Byn Mblc yirinepinig
IUIACTHKANBIK ~ AedopManusi adMarblHAA OJEKTp TOTBHIHBIH IIaMackl MEH TeMIlepaTypaHblH KypT
JKOFapbhUIayblHA OKEJIN COFATHIHIBIKTaH, AaBTOKONIKTIH JKbUIAaM TYTaHyblHa ceOemkep Ooiaasl. Meic
YIITiIepiH KapbUIBIC JOHEKEepiey Ke3iHae onapAblH OeTiHAae acKbIH oTKi3rimTik kKacueTi 6ap Cu,O dazacs
nmaiifa  Ooxazel. bBym MBIc  yarinepiHiH 9neKTpQU3MKANBIK KACHETTepiH aWTapibIKTail e3repTeni.
Metaanyprisuislk YpaicTepae MbIC ©HIMIEpiH OanKpITy Ke3iHae ackblH oTkisrim Cu,O ¢a3achHBIH maiina
601y MyMKiHJITI 6ap. MbIC GaJIKBIMACHIH KaTalTaThIH KOCIaTapMeH e3repTkeH ke3ne, Cu20 acKbIH OTKI3TiII
(azacel KOFapbl AJEKTP OTKI3TIIITIrE Oap ChIHYFa Te3IMAI MbIC ©HIMIEPIH alyFa MYMKIHIIK Oepeni.
Kanbimerer 30 MkM  MbIc  ¢osbrachkiHblH 180 KA TOrBI ocepiHeH maiijga OOJFaH MAarHUT ©piCiHIH
IUTACTHKAIBIK JeopManusichl (oibra KyphUIBIMBIHEIH TY3UTyiHe XKoHE )KapbhlIyblHa oKeeni. by peHTrenix
Jubpakiys, COHIai-aK ONTHKAIIBIK XKOHE JIEKTPOH/IbI MUKPOCKOIHS KOMETIMEH aHBIKTaJI/Ibl.

Kinm ce30ep: W™bIC yirinepi, TyTaHy alMarbl, IUTACTHKAJBIK JepOpMaIisi, >KapbUIBICIICH OHIEY,
9NIEKTPMATHUTTIK TOJKBIH aFbIHBIHBIH Je(OpMALUsCHI.

I'.C. bekxracoBa, K.M. Ucuna, I'.'T. Umamxanosa, JI.1. Ksermauc,
H. Kanraii, A.1. Hegooutkos, A.b. CannbexoB

HccnenoBanue cTpyKTYpbI MeIHBIX 00pa31oB,
NO/IBEPTHYTHIX IKCTPEMAIbHBIM BO31eiICTBUAM

CraThsl TOCBSIIEHA HCCIISOBAHNIO M3MEHEHHH KPUCTAININIECKOH CTPYKTYpPBI, XUMHIECKOTO 1 (ha30BOTO CO-
CTaBa MEAHBIX 00pA3IOB, MOJBEPTHYTHIX SKCTPEMATbHBIM BO3ACHCTBHUAM TEMIIEPATypHI, HABICHAS U DIEK-
TpoMarHUTHbIX noseil. C moMoIbo qudpakiuyu PeHTTEHOBCKHX Jyduel, a Takke MUKPOaHaIN3a BBISBICHO,
YTO IUIacTUUecKas AeopMarys MeIHbIX IPOBOJOB, HAXOSIIMXCS B CHCTEME JISKTPOIMTAHUS aBTOMOOWMIIS,
IPHUBOJINUT K 00pa3oBaHMIO cBepxmpoBosiei ¢a3br Cu,0. DTo sBIsSETCS NPUYIMHOI OBICTPOrO BO3rOpaHHs
ABTOMOOMJIS, MOCKONIBKY MPUBOJHUT K PE3KOMY BO3PACTAHHUIO BEJIMUMHBI JIEKTPUUECKOTO TOKAa U TeMIepary-
PBI B 30HE IUIACTHUECKOH JedopMariii MEAHBIX TMPoBOJoB. [Ipy cBapke B3pHIBOM MEIHBIX 00pas3loB Ha MX
MOBEpXHOCTH Bo3HUKaeT (aza Cu,0, obramaromas cBepXIpOBOSAIMMEI CBOMCTBAMH. JTO CYIIECTBEHHO U3-
MEHSET 3JIeKTpo(U3NIecKie CBOMCTBA MEJHEIX 00pa3noB. B Meramrypriuueckux mporeccax MpH BBITLIABKE
W3/IeNNH U3 MEJH CYIIECTBYeT BO3MOXKHOCTh HOSIBICHUS cBepxnpoBosmie ¢assr Cu,O. Ilpu Mmoaudpummpo-
BaHUM MEIHOTO paciulaBa yHPOYHSIOIMMH JoOaBKaMu cBepxmpoBosnias ¢aza Cu,O mo3Bonser momydaTsb
CTOMKHE K Pa3pyLICHHIO M3JENsl U3 MEIU C BBICOKOM 3JIeKTponpoBogHocThio. [Tnactudeckas aedopmanus
MeHO# (hosbru ToamuHON 30 MKM MarHUTHBIM TTOJIEM, CO3JaHHBIM TOKOM 180 KA, MpUBOAUT K (GOPMHUPO-
BAHUIO TEKCTYPbI U Pa3pbiBy (Gonabru. 310 00HAPYKEHO C MOMOIIBI0 AU(GPAKINH PEHTTCHOBCKHUX Jy4eil, a
TaroKe ONTHYECKOH U pacTPOBON MEKTPOHHONH MHUKPOCKOIIHH.

Kniouesvie cnosa: Menuble oOpasIbl, 30Ha BO3TOPaHMs, INIAaCTHUecKas aedopmaris, oOpaboTka B3pPHIBOM,
nedopmarys MIOTOKOM 3JI€KTPOMAarHUTHBIX BOJIH.
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