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The phenomenon of rapid mass-transfer in solid state observed in metals af-
ter pulsed action is characterized by transfer of atoms within the short peri-
ods of action time to the depths significantly exceeding the diffusion depth
under the conditions of stationary annealing. The features of other transport
phenomena (mass-transfer, heat-transfer, etc.) arising in metal at pulsed en-
ergy action on a crystal are also discussed. The best instrument to study
transformations in the matter under pulsed action is an easily controlled la-
ser pulse. In a given work, the nature and correlations between transport
phenomena in metals excited by the energy pulse are studied.

IIBunkicua gedopmarnia meraniB y TBepAin ¢asi mpmsBoAUTH A0 reHeparii i
nepeHeceHHs nedeKTiB KpUCTANiUHOI I'paTHUIII Ha 3HauYHi Bigmasmi. B Takmx
YMOBAX aTOMH IIPOHUKAIOTh Ha TNIMOUHM, IKi iCTOTHO IEePeBUIIYIOTH INIMOUHY
Iudysil B yMOBax cTallioHapHOTO BifmaJay 3a Taki sk cami Tepminu uacy. Ilpu-
CKOpDeHe IIepeHEeCeHHs aTOMiB MOJKe TaKOMK CYIIPOBOAMKYBATHUCA ¥ iHITUMU
SBUIIAMY IIePEeHECeHHA (eJIEKTPO- i TemJIoepeHeCeHHsI) B MeTaJi 3a YMOB Aii
€HEePTreTUYHOTO iMOyJabCcy Ha Kpuctaj. HaKkpamuMm J:KepeioM TaKoro iMIry-
JbCYy € JIeTKOKepOBaHe JiadepHe OompoMiHeHHs. B maHiii poOoTi BCTaHOBJIEHO
IIPUPOAY Ta B3a€EMO3B’SI30K MiK TPAHCIOPTHUMHU SIBUIIIAMHU B MeTajlaX, 30y-
IKEeHUX eHepPreTUYHUM iMIIyJIbCOM.

CxopocTHaa gedopMaliisg METAJJIOB B TBEPAOH (pase IPUBOAUT K TreHEePAI[UU 1
IIepeHOCY IedeKTOB KPUCTAJINYECKON PEITETKY Ha 3HAUUTEJHHBIE PACCTOSA-
HUA. B 9TUX yCIOBUAX aTOMBI MPOHUKAIOT Ha TVIyOWUHBI, CYII[eCTBEHHO IIPEBbI-
maromnue riryouny nud@ysuy B yCIOBUAX CTAIIMOHAPHOTO OTIKUTA 38 COIIOCTA-
BUMBbIE BpeMeHa. ¥ CKOPEHHBIH ITIePEHOC aTOMOB MOYKET TaKiKe COIPOBOKAATh-
CcA U APYTUMHU SABJICHUSIMHU IIepeHoca (9JeKTPOo- M TEeIJIONEPeHoC) B MeTaJljie
IIPU BO3AEUCTBUU SHEPTreTUYECKOr0 UMIIyJIbca Ha Kpucrayi. Hammnyumum wmc-
TOUHUKOM TaKOTO MMIIYJbCa SABJISIETCA JIETKOYIIPaBJIsgeMoe JasepHoe U3ayde-
Hue. B manHO# paboTe yCTaHOBJIEHBI IPUPOJA U B3aMMOCBA3b MEXKIY TPaHC-
MOPTHBIMU SABJIEHUAMU B MeTaJlJIaX, BO30YKIEHHBIX JHEPreTUYeCKUM WM-
IIyJIBCOM.
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1.INTRODUCTION

High-speed deformation of metals in a solid phase leads to generation
and transport of the crystal lattice defects to the significant distances.
As shown in [1], dislocations are the most probable mass carriers. Their
formation at the laser pulse action has been confirmed experimentally
in [2, 3]. Direct studies of the concentration changes with the applica-
tion of radioactive isotopes have shown that the region of increased
content of dislocations (30—40 um) is several times larger than the re-
gion of mass-transfer [4]. At the same time, the mass-transfer pro-
ceeds to the depths, which exceed the region of a laser pulse thermal
influence several times.

It is assumed [5] that dislocations, moving under the influence of
stresses o, spreading deep into the crystal away from the deformation
pulse P; excited region, capture point defects and carry them away
deep into the crystal. The point defects, captured by a dislocation, are
carried into a crystal to the depth determined by the binding energy of
a defect with a dislocation and its velocity V. Based on this, the authors
of [6] were not only observing the mass-transfer, but were also regis-
tering the appearance of the electrical potential at the opposite sides of
the pulse-squeezed metal sample, and in [7]—the acceleration of the
heat transfer. In a given paper, we study the nature and correlation
between the transport phenomena in pulse-deformable metals.

2. EXPERIMENT

Transport processes taking place in a crystal have a threshold nature
and are determined by the criterion, which sets the boundary between
stationary and highly non-stationary states of matter [8]. This bound-
ary is determined by comparing the time ¢, of injection of the energy
portion into the substance and its relaxation time #,. In the case when
t,>t,, the relaxation processes occur in a stationary or quasi-stationary
mode. If t;<or<<t,, the mode turns from the quasi-stationary to a
highly non-stationary.

For generation of dislocations in a crystal, it is required that the
portion of injected energy is sufficient to induce stresses c>E
(Young’s module), and for the motion of dislocations o> (107*—
10®)E =, (Peierls stresses). When selecting a mode, it is also im-
portant to remember that considerable portions of energy may result in
the crystal destruction. In this connection, it is necessary that the
temperature of the surface T3< T,—temperature of thermal destruc-
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tion of the crystal.
When irradiating the region d with an axisymmetric laser beam, the
required criterion is determined in the first approximation as

t, = nd’®/(4k), (1)

where k is the thermal diffusivity of material. As follows from (1), the
critical time ¢, of the energy injection strongly depends on the size of
the irradiated area ~ d?. When irradiating metals by laser pulses in the
free generation mode (1, = 107 s) or by continuous radiation, the relax-
ation is restricted only by thermal conductivity mechanism. The mag-
nitude of the arising temperature gradient does not cause the essential
strains, which would lead to the formation of excess number of struc-
tural defects such as dislocations and interstitial atoms.

When irradiating metals by giant laser pulses with 1,= 1078 s, the en-
ergy relaxation cannot be only provided by thermal conductivity
mechanism. This process causes very high temperature gradient ac-
companied by abrupt thermal expansion of irradiated area and appear-
ance of thermal stresses G.

The relaxation of excess energy is additionally realized through the
appearance of a shock wave in a metal and generation of excess amount
of structural defects of all types, including point and linear ones. As a
result, taking into account the number n of laser actions, the density of
dislocations p on depth z is determined from [5]:

R R p—— V70,2002, (@)
1

a-vb

where o is the coefficient of metal thermal expansion, A is the variable
of integration, VT is the temperature gradient, T is the time of laser
action, i is the number of laser action, b is the Burgers vector, and v is
the Poisson coefficient.

3. RESULTS, ANALYSIS AND DISCUSSION

Distribution of the dislocation density after the pulsed laser action ob-
tained in [5] using Eq. (2) (continuous curve, i =10) and electron mi-
croscopy studies [2] (points), is presented in Fig. 1.

Figure 1, a shows that transfer of atoms occurs within the bounda-
ries of the area with the increased dislocation density. Dislocations,
being carried away from the laser-excited surface by the strain field o,
capture point defects and transfer them to the depth (Fig. 1, b). Flows
of mass or heat @, described correspondingly by Fick and Fourier equa-
tions, in the case of presence of external driving force F can be written
as
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Fig. 1. Generation of dislocations (a) and a scheme of mass-transfer (b) in
pulse-deformable metal induced by them. Inset in (a) shows the concentration
of 5°Fe in Fe after 10 laser actions; F is a vector of external driving force de-
termined by a moving stress gradient.

Q =-K(dM/dz)+ M <v >, 3

where K is the coefficient of proportionality characterizing certain
physical process, M is a physical quantity transferred in the direction
of z (with the average velocity <v> in the presence of driving force F):
in the case of mass transfer, this quantity is the concentration C, and
in the case of heat transfer, it is the temperature T'. Thus, the ‘acceler-
ation’ of heat transfer should be expected during the pulse action along
with the accelerated mass transfer.

This hypothesis is tested using the laser-flash method, described in
[9]. We perform a thermal sensing of the pair of similar flat disk-shape
samples of identical thickness (1 mm) made of preliminary annealed
pure Fe. The irradiation was carried out in two, according to (1), criti-
cal modes—quasi-stationary with 1, = 10 s and highly non-stationary
with 1, =107%s, at which the effect of mass-transfer acceleration in a
solid phase was observed. After that, we compare the time of the tem-
perature rise to the half of its maximum T,,/2 on the side of the sample
opposite to laser irradiated one, using the differentially connected
thermocouple. Thermocouple signal was recorded using high-sensitivi-
ty and high-speed ADC and was also controlled with the storage oscillo-
scope. It was found that dT/dt| < dT/dt| " when the matter isin a
highly non-stationary mode, t,, is approximately 107%s, i.e. smaller
than that in the case of irradiation in a quasi-stationary mode.

Considering the similarity of the approach in description of the
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mass- and heat-transfer expressed by Eq. (3), and also the nature of the
heat-transfer in metals, the observed phenomena can be described as
follows. Thermal conductivity in metals is realized by both phonons
and, preferentially, conduction electrons, which in real metals are get-
ting scattered on structural defects, in particular, dislocations [10].
Thermal conductivity K is inversely proportional to the thermal re-
sistance W, related to the scattering of phonons on dislocations and
following [10, 11] can be presented as

K' =W, ~8lsing, (4)

where [ is the dislocation length,  is the dislocation scattering cross
section, and ¢ is an angle between the axis of a dislocation and the di-
rection of thermal gradient propagation.

Thus, as follows from (4), there are several ways to reduce W,.
Thermal resistance of the crystal is maximal when the dislocation line
is perpendicular to the thermal flow. Scattering of the phonons on dis-
locations will decrease both with the reduction of ¢ [11] and with the
reduction of time of the phonons’ interaction with the dislocation that
is proportional to d.

It follows from the discussion above that when moving in one direc-
tion with the dislocations, phonons would either not be scattered on
synchronously moving dislocations, or will gain an additional impulse
in the direction of motion. Thus, in the case of collective and directed
motion of dislocations, playing role of scattering centres for phonons
and conduction electrons, the effective thermal resistance in this di-
rection will decrease. In our case, it is manifested by the registered in-
crease of the thermal diffusivity in the direction of a probing thermal
pulse.

Taking the mean free path of the particles scattered by dislocations
proportional to p /%, we find out that time required for the thermal
pulse to pass through the crystal with p=10®cm™ and with
p=10" cm™ will differ by 10 times. These estimations are valid for the
thermal probing of samples with the constant value of p; in each case
and may be useful for comparative assessment of the degree of sample
deformation. In our case, the thermal pulse was passing through the
sample simultaneously with the generation of the mobile dislocations.

It can be concluded that at highly non-stationary conditions, caused
by pulsed action, the decrease of scattering of the particles responsible
for thermal-transfer should result in a noticeable increase of the elec-
tric conductivity € of the metal. It is related to the possibility that un-
der such conditions there will be an effect of entrainment of conduc-
tion electrons by phonons [12, 13]. This phenomenon is supported by
the appearance of the electric potential at pulsed mechanical action on
the metal [6]. It does not contradict with the Wiedemann—Franz law
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Fig. 2. Flow chart showing the links between the transport phenomena in-
duced in a crystal by the energy pulse.

that establishes the relation between thermal conductivity K of metal
and its electric conductivity €. Thus, the transport phenomena induced
in the crystal by the energy pulse may be represented by the flow chart
shown in Fig. 2.

4. CONCLUSIONS

We discuss the peculiarities of some transport phenomena (mass-
transfer, heat-transfer, etc.) arising in metal at pulsed energy action
on a crystal. As shown, the connection between these phenomena is
based on interaction of electrons and phonons with dislocations gener-
ated in a crystal. Dislocations with entrapped point defects are moving
in the stress fields caused by the pulsed action and are directed away
from an excited surface deep into crystal. The correlation between the
transport processes is supported by experimental results showing the
accelerated transport of both marked atoms and thermal pulse, and by
the appearance of the electric potential. Studies of thermal character-
istics were performed using laser-flash method in two modes deter-
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mined by the criterion for the appearance of the non-stationary condi-
tions at the pulse action. The established correlation between the time
of heat-transfer and dislocation density in a crystal may be used for the
comparison of the degree of sample deformation. Taking into account
the electronic character of thermal conductivity in metals, we propose
a general character of heat- and electro-transport to pulse-deformable
crystals. The generality of the nature of observed transport phenome-
naisina good agreement with known physical laws.
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