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We propose a phenomenological theory to explain the physical nature of the maximum or minimum in
the dependence of the instantaneous longitudinal strain coefficient, yi, versus the strain, &, in double-layer
films Fe/Cr, Cu/Cr and Fe/a-Gd. The theory is based on the analysis of extremum (maximum or minimum),
which is obtained by simplifying the equation dy;/de; = 0. It is concluded that the appearance of a maxi-
mum or minimum is caused by both non-linear deformation processes in & and possible structural changes

in the films.
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1. INTRODUCTION

Interest in the mechanical properties and thin-film
materials due to the fact that they have a significant
difference in comparison of bulk materials. The works
[1-3] illustrate the most common problems that are
constantly in view of researchers: studying stress-
strain relations for metal films [1]; measurement of
mechanical properties of thin films [2]; plastic defor-
mation processes in bimetallic films [3] et al.

During the research of strain properties of single-
layer (Cr, Gd) and double-layer (Fe/Cr/Sub, Cu/Cr/Sub
and Fe/a-Gd/Sub, where Sub — substrate) films we ob-
served [4, 5] the effect of an abnormal increase in the
instantaneous longitudinal strain coefficient, yi, under
the strain e. This effect is shown in Figs. 1 and 2 for
Fe(20)/Cr(30)/Sub and Fe(50)/a-Gd (30)/Sub film sys-
tems, respectively ( the layer thickness is in nm). Note
that the maximum or minimum in the dependence of yi
on g is observed not only in the dynamic mode of longi-
tudinal deformation (in our experiments strain rate Al/l
varied from O to 0.1 %/sec, [ — the initial length of the
sample), but also under static loading. For seven times
increase in the strain rate the mean strain coefficient, yi
varied only within 5 %. In Ref. [5], it was noted that the
strain value, for which a maximum and a minimum is
observed, corresponds to a transition (i) from elastic or
quasielastic to plastic deformation, respectively, imply-
ing a change in the deformation mechanism. Therefore,
the appearance of maximum and minimum in the de-
pendence of yi versus & is partially not only due to the
deformation, but also due to structural processes occur-
ring witht the change in the deformation mechanism.

2. RESULTS AND DISCUSSIONS

To establish the conditions for the appearance of
the maximum in the dependence of yi versus & we use
the condtion for the existence of extremum. Because
the phase state of Cu/Cr/Sub and Fe/a-Gd /Sub film
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systems correspond to the type “biplate” (which is con-
firmed by diffraction studies), whereas for Fe/Cr/Sub
film systems a solid solution is formed throughout the
sample (by work [6]), the equation for the dependence
of yii versus ¢l has a different form. For convenience of
mathematical transformations, we get from y; to the

yf (index “p” means that the strain coefficient is ex-

pressed through the resistivity), between which there is
a simple relationship:

where u1is the Poisson's ratio.
It is easy to show that for the model of parallel con-
nection of double layers

_ PP (d1 + dz)
Py + pydy ’

where di — thickness of separate layers (k = 1, 2).
In the first case of “biplate” the equation for y has

the form:
dln +d
yp=ne o e ittty
dg d, +d, O
_ VP — Pi8okls + Vi Pody — Pydh
Py + pod,y

Note that this approach is common in obtaining re-
lations for thermal resistance coefficient [7] and Hall
coefficient [8] etc. for double-layer films.

In the second case for film system as a solid solution

the ratio for y/ was obtained in [6] by using the ratio:

P = pres T c1o1 t c2p2

where pres — resudial resistivity,
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where cr 1s the common concentration of atoms in k-
layer and where take into account that /= <<y .

From equation (1) and assuming that our/de1=0
and (djuy +dyu,)/(d; +d,) is relatively small size (or-
der unit), the extremum condition can be rewritten as:
vl orf;
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Fig. 1 - The variation of AR/R and yi versus & for the
Fe(20)/Cr(30)/Sub film system. R — resistance, y; — mean value
of gauge factor. I, VII — number of deformation cycles “load-
unload”

Assuming that the Poisson's coefficient depends on
the deformation, i.e. dur / de1 # 0, we obtain an equation
that is very similar to (3). Both of them take the follow-
ing form:

%p, o
21 +p, ,‘722
0g; 0g;

P2 = Viape + ViaPr s )

if  we 7§/p~1070hm—1

y£-d/(d, +d,)~ 10 and 7 - pd ~ 10-4 Ohm m2.
From equation (2), with the assumption that

dlnci/de = 0, we obtain the extremum condition similar
to (4):

consider that m-1

1 8° 1 6%
—¢+p— 8;2 = yfie + ¥haCs. (5)
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Equations (4) and (5) can be rewritten as follows:

o P, Py
= i2 + i1 = C ’ (6)
56‘12 2, Viio 6812 Vi 1
62/01 P 1 &%
= ¢, + Py cy ———2 | =C,.
6612 Pr| Vi1 T ViigCe 2, 68,2 2

for the condition that p, slightly depends on the de-

formation.
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Fig. 2 - Variation of AR/R, and y; versus & for Fe(50)/a-
Gd(30)/Sub film system, a-amorphous phase

Analysis of equations (6) makes it possible to con-

. o
clude, that if L 7/)22 > &752 +7 or
P2 | Ogj 2
o* .
P 7'022 > p, (yl‘l?lcl +y§202) then in the y,versus & a
Py | 0g

maximum occurs if (62,01/6512 <0, point A in Fig. 1 and
Fig. 2), and for the reverse inequalities a minimum
occurs (62p1/8s,2 >0, point B in Fig. 1 and Fig. 2). We
note that similar conclusions can be made with respect
to the derivative &°p, / et .

Under this condition, the dependence of the resistiv-
ity on the strain is nonlinear:

p (£)=0.5C,ef + A, + B, (‘biplate”  film  system

type),
p(g)=0.5C,e} + Ay, + B, (system, where solid so-

lutions are formed), where A, =(dp/0¢,), _ — sensitiv-

&>
ity of the resistivity to strain at &1 = 0; Br = p(0) — the
initial resistivity value.
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3. CONCLUSIONS

Our analysis indicates that the appearance of a
maximum or minimum in the variation of yi» versus &
is caused by the nonlinear variation of the resistivity
that occurs under corresponding deformation or is the
result of structural changes in the film system during
the transition from elastic to plastic deformation (point
A) or other deformation mechanism (point B). Compar-
ison of the depending y:i versus & for the I and VII de-
formation cycles (Fig. 1, 2) leads to the conclusion that
the intensity of non-linear processes are substantially
independent of the number of deformation cycles,
which means that, for small numbers of cycles have the
elastic deformation (to A), the quasielastic (between
points A and B) and plastic (after point B). At the
V — VII deformation cycles occurs only plastic defor-
mation with grain boundary sliding of grains, which
causes the appearance of the maximum. Although this
is only indirect conclusions, which are based on an
analysis of resitometry dependencies.
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Finally, we note the following fact. It is believed
(see for example [9]) that at the plastic deformation of

films y/ =0, because, as the author consider, there is

a slipping on the borders of grains, but individual
grains are not deformed and in this case yr=~0,5. Then

according to the ratio y; =y +1+2uit y1=2. In our

case (Fig. 1, 2) y1 much more than 2, because of our
great contribution in the value of strain coefficient of
scattering electrons at the grain boundary.
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OcobsmBocTi 3aseskHOCTI KoedinieHTa TeH309yTJIMBOCTI Big medopmarrii
B MeTaJIeBUX ILIIBKaX

K.B. Tumenxo!, JI.B. Ogaonsopens!, C.J. Panchal2, I.1O. IIpomenxo!
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Hamu sampornornoBasa eHOMEHOJIOTIUHA MOIe)Ib IS IMOSCHEHHS IPUPOIA MaKCHMyMa a00 MiHIMyMa
HA 3aJIE’KHOCTI MUTTEBOTO 3HAUYEHHS KoedillieHTa TeH30UyTJIMBOCTI yii Big medopMalrii £ y JBOIMAPOBUX ILIi-
Brax Fe/Cr, Cu/Cr ta Fe/a-Gd. Teopia ocHOByeThbca Ha aHasisi excTrpemMyMa (MaxcuMyMma abo MiHIMyMa),
SIKAM OTPUMYEThCS CIIPOILIEHHSAM PiBHAHHS 0y/de; = 0. 3pobiIeHo BUCHOBOK, IO IIOSIBA MaKCHUMyMa abo MiHi-
MyMa IIOB’sI3aHa AK 3 HEJNHIMHUMH AedOPMAIIMHUME IIPOLIECAMHU II0 £, TAK 1 MOKJIUBUMHU CTPYKTYPHUMUI
3MIHAMU y ILUTIBKaX.

Kmouori ciora: Koedirienr Tensouyrausocri, J[Bormaposi mmiskn, Teepauit posunu, MurreBmii Koedirri-
€HT TeH304yTJIUBOCTI.

OcobenHocTu 3aeucumMocTu K03 pUImeHTa TEH309y BCTEBUTEILHOCTH OT AedopMmanuun

B ME€TAJININYECKUX IIJIEHKaX

K.B. Tumenxo!, JI.B. Ogmonsoperr!, C.J. Panchal?, I.E. IIpomerko!

1 Cymckuii 2ocydapecmeernwiii yHugepcumem, yui. Pumckozo-Kopcakosa, 2, 40007 Cymst, Ykpaurna
2 Applied Physics Department, Faculty of Technology and Engineering,
the M. S.University of Baroda, Vadodara, 390001 Gujarat, India

Hamu mpepmosxena deHOMEHOIIOTHYECKAST MOENDb [IsI OOBSICHEHHUSI IIPHUPOBI MAKCHMyMa WJIM MUHU-
MyMa Ha 3aBUCUMOCTH MIHOBEHHOI'O 3HAYEHUA KOSd)(bI/IL[I/IeHTa TE€H304YyBCTBUTEJIBHOCTH )i OT ,I[e(bopMaLH/II/I
& B nByxciorubx mieHkax Fe/Cr, Cu/Cr u Fe/a-Gd. Teopust ocHoBaHa Ha aHayim3e akcTpeMyMma (MakCHMY-
Ma MM MUHHMYMa), KOTOPBIH II0JIy9aeTcsl yIpoleHneM ypaBHeHus 0yi/0g; = 0. CresaHo BBIBOL, YTO IIOSIB-
JIeHue MaKCHuMyMa WM MUHHMYyMa CBA3aHO KakK C HeJIMHEeHHBIMHI ,HerOpMaLLI/IOHHLIMI/I mmporeccamMu 110 &,
TaK X BOBMOXHBIMHU CTPYKTYPHBIMH U3MEHCHHUAMU B IIJICHKAX.

Kmiouessie cioBa: Koadduimment TeH3ouyBCTBUTEIBHOCTH, J[ByxXcloliHBIe IIeHKH, TBepabiil pacTBop,
MrHoBeHHBIN K0aQ)DUIMEHT TeH309yBCTBUTEIHHOCTH.
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