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Thermal field of deposited coverings

In work formation of ionic-plasma coverings when film growth is defined by conditions on mobile border of
section of phases is considered. The analytical decision of the general problem with any boundary conditions
is received. For homogeneous boundary conditions which are closest to technology of drawing of iofiies
plasma coverings, the formula for a temperature field of deposited coverings is received. The carriéd out
analysis has shown, that at formation of an ionic-plasma covering there is a wave structure. Comparison with
results of measurement of microhardness of a covering along the sample has proved theoretical medel. The
received result can be used for perfection of technology of drawing of ionic-plasma coverings of a vasious
functional purpose.
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Introduction

One of ways of improvement of properties of a surface of materials is‘drawing of composite coverings
by a method of vacuum ionic-plasma sedimentation [1, 2]. Reception of nanocomposites by means of ionic-
plasma methods demands sedimentation on a substrate of multicomp@nent streams. In most cases synthesis
of coverings of difficult element structure is realised by level-byslevel ‘or simultaneous sedimentation on a
substrate in atmosphere of reactionary gases of streams from'twe sources: ionic [3], magnetron [4], vacuum-
arc [5] and their combinations [6].

Though ways of reception of nanostructural matefials and coverings are various enough [7], but all of
them are based on the mechanism intensive dissipation the energy generalised in three stages of formation.
At the first stage there is a process of formationsef gemms¢éwhich in the absence of corresponding thermody-
namic conditions, does not pass in mass €rystallisation. The second stage represents formation round
nanocrystal germs of amorphous clustersgwhich —/at the third stage — unite in an intercrystal phase with
formation of dissipation structures.

In the present work we will conSider theythird stage of formation of a covering when film growth is de-
fined by conditions on mobile bordet ofisection of phases. Such problems have received the name — a Stef-
an's problem [8]. From the mathematical point of view regional problems of such type are essentially distinct
from classical problems [8, @]. Owing to dependence of the size of area of carrying over of a stream on time
to this type of problems.classical methods of division of variable and Furie’s integrated transformations as,
remaining within the limits of classical methods of mathematical physics, it is not possible to co-ordinate the
decision of the equation with movement of border of section of phases are inapplicable. The review of mod-
ern achievements in ‘the solation of Stefan's problem is given in the monography [10].

The general statement of a problem

We willfcofisider a problem about crystallisation of a deposited covering on a round substrate, that is a
problem aboutgCrystallisation of the final cylinder with mobile border of section of phases. The non-
statiofary equation of heat conductivity describing process of crystallisation in mobile cylindrical system of
co-ordinates, moving under the law [(7), looks like:

oT o°T 10( oT
—=a|l—+——|r—|| )
ot 0z~ ror\  or
where a — thermal conductivity.
Initial and boundary conditions we will choose in a general view:
T(r, z, t) |t=0=(p(r, Z), 2)
T(r, 20|, _y=1(2.1), (3)
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T(r,z,t)|.=7,(r1),
T(r,z,t) g =12 (r,1).

“
&)

Functions B(t) , (p(r,z), y(z,t), " (r,t) uy, (r,t) we will consider continuous. For the problem solution

we search in a kind:

0

rzt Z Okr

k=0

rdr dr

where A, — equation roots
I, (A, R)=0 7
and /(% R) — Bessel’s function of the zero order, satisfying to the equation: <

li[” d](}bOkr)} +1, (7‘01{’") =0,

R
T, (z,t)= JTk (r,z,0) 1y (hor)rdr .
0

Applying transformation (9) and considering (6) and (7), the equation
10T, 0T,
ad o
Using replacement 7, = Te™ and having transformed s@
the following problem:

+®, (2.0)- T (1)

bounda

T
in area ,ZZ:(t>0,0<z<B(t)). @G

For the solution of a problem (
also two potentials of a double layer:

RS ) o
e ‘o de+| drj _4at=) g 4

3 2,/Tca t—

A (e [—Z2BO)
1 4\/E ! I:a(t —'[):|3/2
), (14), we will receive system of the integrated equations:
’ _PFw
Ko __1 B € MK (D)dr,
2a 4\/E [a t - ’C)]
[B()-] B(r)] P B (1)
K, (t 1 t T (i) 1 t Tda(i—t
0, IB() BO 0 g e BO__ 55 (e
2 a(t=1)] Wreafa(r-1)]

=BT
e K ,(1)dT.

?1(1) =

?2 (t ) =
where

- g
()= w)——j ot g Jae] et e e

[Bo-¢f U [Bo)-¢f
f @ g [ae| —ED e g
o o 2yma(t—1)

Yz(t) Yz(t)__
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to a kind:

(6)

®)
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(10)

conditions, we will receive

(an

(12)
(13)
(14)

(15)

(16)
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Excluding from the first equation of system (16) and substituting in a following equation K (¢), we

have:
[Bo- B(r)] ,)
. K (f) 1L BO-BO) ~aai HO)
2( )_ 3/2 2( ) Tt—F— —3/26 ’YI(T)dTJ’-
T Lale—)] &l [a(t=7)] ;
‘ B [+ B () a7
I B(®) _ 4a(t 9 .[ B(x 3/2 o 4al=) K, (x,)dx, |dx.
8 0 [a(t ] 0 a(t T)
Entering a designation
j B() i,
Q(t) ’Yz()_ 3/2 1(’C)€ “(=)
2& [a(t - , fls)
and calculating integral in (17), we will receive
K0, 1 Bo-po o B0
By 4a(t-t K d e 4a(t-1 ‘ 19
’ ‘[ e (e 4\/;2[[(10—1)]3/2 \ )

2a 4\/;

Designating,

[a(t - )]

52 [B()-B(x

L BO-BD) T W) g’ (20)

1
=——, f(6)=2aq(t),K(t,
e S (@) =2aq(1), K(t,7) = I (t—r)” (o)

we receive the integrated equation
t

K,(0) - [ K@) K, (1,7

0

(2]

Really, considering, that e <1 at, % asy t6 show, that the equality resulted above is carried
out. Then for the equation (21) there is iquesolution which looks like:

O=2 K, 0, 22)
‘b Ko=),

K, (t)= jK(t 1) K,,(dr,

O K,,(t) = J.K(t,r) K, (v)dr,
@ Kz,n ) =jK(t, ) Kz,n—l(T)dT

an umber (22) converges absolutely and in regular intervals in topology C(0, 7).
en

HONr= R ’3
2\/_.[ (- )]3/2e ZKZ,n(T) T. (23)

n=0

K, (t)=2ay,(t) +
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Carrying out return transformation, it is definitively had:
o N C g (o )

-at 1 Rll(l kR) Y& _w ta()

T(r,z,t)=) J, (A, r)e e ¢ dt r, &), (A, r)rdr |dE+ Z dt > o de+
(rz) =2y (hurhie | S| ucp(a)o(k) ]a W by :

2 [=-p()]
Ta(i) z —B(‘E) " 4a(i=r) K, (’E)d’c (24)

+ L z 323_ (T)dTt+ L 7€
oo e e e

Thus, the analytical solution of a problem on crystallisation of the cylinder of the final sizes is re
The equation (24) gives in to the numerical solution under the set initial and boundary conditio

Homogeneous boundary conditions

Sedimentation of ionic-plasma coverings carry out, as a rule, at constant temperature substrate. In
this case directed by a problem it is possible to use homogeneous boundary conditio enthe problem
(1)—(5) registers in the following formulation:

2
ot 0z" ror\ or

T(r,z,t)|,_,=0;
T(r,z,t)|,_x=1T, = const,
T(r,z,t)|._,=1,= conw
T(r,z,t)|..p=T, =co

(26)

where T, — value of temperature on a surface of the cylin mobile border of section of environ-

ments.

2

t =
! Lo MUK (Ddt+

T € / 14
4n E')‘ [a(t - 1:):|3/2
Y 4 BEO)f @7
MK (t)d |
T

e e gg, (28)

H
d
L=[—"—5e “IK (1), (29)
0
: [=-B()]
—P(T " da(i—

@ I, =IL()3/2e dalr=) K, (1)dr. (30)

0 [a(t - T)J

t big times of sedimentation of a covering ¢ integrals /, also I, are very small and e — 1. Then

the lem is reduced to integral calculation 7, :
L= dTT—Y(a’t) e‘"e_i‘z’(_’é‘);dé—T e (31)
SR N SNi-t

-5

./4a(t—r)

To calculate I{(r) in (31) we will make replacement of variables y = then we will receive:
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2

I(7)= 4a(t—r){je‘y2dy—]ke_yzdy}, (32)

0

z—H

Jra(—x) 7 Jaa(i—x)

Integrals in square brackets represent function:

2 ¢ p
erfz=—=\e7 dy. (33)
7
Using the formula (33) and its decomposition abreast, after simple calculations we will receive:
2 ()
I/(t)=| ze Jaali=) —(z—H)e dalr) | 4)

Substituting (34) in (31), and calculating, we will receive:

2\/2_T

where z, =

I = 0° (35)
z—H
Being limited to the first member in the sum (27), for stationary temperature it is ha @ owing expression:
T(r,z)zilo (zj-i—cl +C,. (36)
Jrnz-H) °\R

Here C;, C, — integration constants. At reception (36) ‘J h considered, that from the equation
I,(,.r)=0 follows A, =2r/R and 1,(2)=1.
e

Comparison with ex

For the qualitative analysis of the received resultszan

be limited to consideration of the equation (36), low
it is necessary to use all members of some (27) taking account boundary conditions (26). Also we will
consider only radial working out the equatio considering a small thickness of a covering. Thus, we

will consider function:
R 2r
)bk [_] 37
‘ Q() T % (37)

comparison with experimental data, we will
tegration constants. For quantitative calculations,

The schedule of function (37) 1 Ited in all textbooks on special functions and represents a fading
wave. After crystallisation o of the sample the wavy structure should be formed. Experimentally
formation of such structure (€a cked up, measuring microhardness up and down the sample as distri-
bution of temperature a surface of the sample leads to distribution of thermal pressure.
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Figure. Microhardness of a covering 12X18H10T + Ti in nitrogen along the sample
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The experimental data received by us are shown in Figure. Microhardness measurements were spent at
loading of 0,1 kg that corresponds 0,989 N, and time of endurance of loading 15 seconds Similar results are
received for the big number of various coverings. The wavy structure is always formed. Measurements were
spent concerning the sample without a covering to exclude influence of an initial roughness.

Results of experiment confirm the basic conclusion of the offered theoretical model about formation of
wavy structure of an ionic-plasma covering. What practical conclusions it is possible to make of the offered
model?

First, formation of wavy structure at covering sedimentation leads to increase in an initial roughness of
the sample. It is the fact at drawing of coverings by an ionic-plasma method it is known for a long time al-
ready [1]. In this case the big role is played by temperature of sample 7, at which covering drawing is made.
From the equation (37) follows, that the temperature of the sample is necessary for supportinggas 1¥ispossi-
ble more low. However at ionic-plasma drawing of coverings of it to reach not always it is possible. The low
temperature of the sample can be supported at magnetron or chemical ways of drawing of c@verings. In€ase
of drawing of frictional coverings with the big factor of a friction, formation of wavy structurejef a covering
is a positive effect.

Secondly, with increase in the size of sample R function I, (21/R) decreases more slowly,/than increases
T(r) at the expense of linear dependence on the size of the sample. The optimtmysizegof the sample is
reached under a condition — 7, (27/R) = 1/R.

The conclusion

In case of ionic-plasma coverings process of their formation in a modeyof real time is not observed yet
owing to specificity of technological process. Therefore the basic informatiomdturns out at a variation, both
structure of a deposited material, and technological parametres of sedimentation. In this connection the role
as computer [11, 12], and analytical models sharply increases,

Numerical methods have received wide application in conmection with occurrence of new generation of
the computer. These methods are based on replacement of,any differential equations with corresponding ap-
proximations in final differences. The basic lack of these methods is absence of the approached analytical
form of the solution which are often more convenient, than'tables and schedules. Besides, presence of the big
number of characteristic parametres of a problem and,a wide range of their change do results of numerical
calculations beloved and inconvenient for theit interpretation and practical use.

Despite lacks, numerical methods new ‘play defining role in development of scientific and technical
progress, being the device of researchgofithe teéhnical and economic problems connected first of all with
planning, optimisation, managementgdand designing of devices and technological processes.

The important advantage of analyitical methods is possibility of reception of result of research in the
form of the formula allowing simply and Visually to track dependence of any property from entry conditions,
external influences, parametfes 0f systém and its structure.

The problem of analytical resgarch of formation of ionic-plasma coverings is rather difficult at their full
description and can beffinished‘@nly in the elementary cases. Therefore at an analytical method of its solution
at once aspire to limitito studying of whenever possible simplified models of system. One of such analytical
models also has beemconsidered in the present work.

Work is_exeeuted under the program of the Ministry of science and education of Republic Kazakhstan
055 «Scientifiec’andlor scientific and technical activity», the subroutine 101 «Grant financing of scientific
reséarchesy
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B.M.IOpos, B.U.JTaypunac

7KaMbUIFBIHBI 7KaYbIN KATKAH KbLIYJBIK 6pic

Makxanazia HOHABIK-TIIa3MaJIbl KaObIHIBIHBIH KYPbUIBIMBI KAPacThIPbLIFaH, KAOBIPIIBIKTAPABIH 6CYpLIapTTaphl
(ha3a TapaybIHBIH KO3FAJIFBIII IIEKapachlHAa aHbIKTAIAEL. OpTaK MaKCaTTHIH TaJAarbIll MICIHIMI O HAIPTiTiK
IIeKapajblK MIapTTapMeH ajblHFaH. bipbIHFail HOHIBIK-TIIA3MaNIbl XKAOBIHABIHBH TeXHOMQPUSICEIHA ETCH eH
JKaKbIH IIEKapaJIBIK [IapTTap YIIiH, JKayBII JKaTKaH jKaOBIHABIHBIH TEMIIEPATYPAJILIK epici ymiiH dopMyria
JIBIHFaH. 3epTTey HOTIKelNepi KopCceTKeHIeH, HOH IBIK-TIIa3MaIbl JKaObIH IbMHBIH KYPBEIEIMBIH A TOIKBIHIBIK
KYPBUIBIM Tya/bl. JKaObIHABIHBIH MHUKPOKATTBUIBIKTBI ©JIIIEY HOTHXKENCPIMEH CAIbICTHIPFaHAAFbI YIITT Karu-
JaJbl KaJIBINTBIH JYPHICTBIFBIH PAcTajibl. AJIBIHFAH KOPBITBIHIBI 9P TYPi (QYHKIIMSIBIK MAaKCATTa MOHJIBIK-
TUTa3MaJtbl )KaOBIHIBIHBIH TEXHOJIOTHSICHIH XKETULAIPY YIIiH Maiijag@ibiiybl MyMKiH.

B.M.IOpos, B.U.JIaypuHae

TensioBoe moJie ocaxkaaeMbiX TOKPbITHH

B pabote paccmoTpeno (GopMupoBaHHE HOHHO-INIA3MEHHBIX ITOKPHITHH, KOTAA POCT IUICHKH ONPENENsIeTCs
YCIOBHSIMH Ha ITOJIBIKHOM TpaHuIle pasaenaldas. BloyseHo aHanTnieckoe pelieHne oomeil 3aga4n ¢ mpo-
W3BOJIGHBIMY T'PAaHUYHBIMH YCIOBHAMH. 1751 OTHOPOIHBIX JEPaHHIHBIX YCIIOBHH, KOTOpBIE Hanbomee GIM3KI
K TEXHOJIOTHH HAaHECEHUs MOHHO-TUIa3MEHHBIX ITOKPBITHH, HOJydeHa (opMyna JUisi TEMIIEpaTypHOTO ITOJIS
OCakAaeMBbIX TMOKPBITHI. IIpoBeneHHBIM)aHaI3 TOKa3al, 4To Mpu (GOPMHUPOBAHUH HOHHO-IIA3MEHHOTO I0-
KPBITHsI BO3HUKAET BOJHOBAs CTPYKTypa: €paBHEHHE C pe3yabTaTaMH HM3MEPEHUs] MUKPOTBEPAOCTH MOKPHI-
THs BAOJb 00paslia MOATBEPIMIO HPaBHILHOCTh TeopeTHdeckoi Mozaenu. IlomydeHHsIN pe3yabTaT MOMKET
OBbITh HCIIONIB30BAH JUIS COBEPUICGHCTBOBAHUS TEXHOJOTMH HAHECEHWs HOHHO-TIa3MEHHBIX MOKPBITUH pas-
JUYHOTO (PYHKIIMOHAIbHOEQ HAZHAMEHIS.
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