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Effects of hardening components (W, SiO, Al,O4, and ZrO,) on structure and physical-
mechanical characteristics of Fe and Ni composites were studied. The content of the
hardening phases was up to 2 vol.%. It was shown experimentally that physical-mechanical
characteristics of the prepared nano- crystalline materials were defined by the structure and
inhomogeneous distribution of the hardening phase within a grain. The reasons for high
thermal stability of the nano-composites were established. The factors determining the nano-
composite relaxation resistibility and resources for its increasing were revealed.

B pabore msyuamoce BamsHme yrnpouHsmommux saementos (W, SiO, ALO; um ZrO,) ma
CTPYKTYPY U (PUSHKO-MexXaHuuvecKHe xaparkrepuctuky KomiosuToB Fe um Ni. Comepmxanue
VIPOUHARIINX (a3 cocTaBadano 10 2 06. % . DKCHePUMEHTAJIbHO IIOKA3aH0, YTO (PHU3UKO-Me-
XaHAYECKNEe XapaKTEePUCTUKH IIOJYYEHHBIX HAHOKPHUCTANINYECKUX MATEPUAJIOB OIPELeaIoT-
CcSl CTPYKTYPOM M HEOTHOPOTHOCTBIO PacIpemeleHnsd YIPOUHSOMIel (assl B IIpefeaax 3epHa.
OnpepesieHbl IPUYNHBL BEICOKON TEPMUYECKO CcTa0HUIbHOCTY HAHOKOMIIOSHTOB. BhIsiBJIEHBI (aK-
TOPBI, OIPEIEISAIOINAe PEIAKCAIINOHHYI0 CTOMKOCTh HAHOKOMIIOSUTOB U IIYTHU €€ IIOBBIIIEHNS.

Cmpyxmypa i miyHne6i xapaxmepucmuru ¢onve (nnieokx) ducnepcHo-3mMiyHeHUX HA-
HOKOMNO3Uumié Ha 0cHogi 3anida i nikentro. O Invincoxuit, O.€. Bapmin, CI1JIa6yx.

V pobori BuBuaBca BmIUB sMimuioounx erxementis (W, SiO, AlL,Oj i ZrO,) ma ctpykTypy i
disuko-mexaniuni xapakrepucruku Komiosutis Fe i Ni. 3micr sminHioouo0 (asu craHoBU-
a0 10 2 06. % . EKcrlepuMeHTaIBHO IIOKA3aHO, 10 (isuKo-MexaHiuHl XapaKTepPUCTUKN OTPHU-
MaHHX HAHOKPUCTAJIUHHX MarepiayiB, BH3HAYAIOTHLCH CTPYKTYPOI 1 HEOJHOPimHIicTIO poa-
nominy sminmuoouol (pasu B MerKax 3epHa. BusHaueHO NPUUYMHM BHUCOKOI TepMiuHOI cTabijb-
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HOCTI HamoKoMIo3uTiB. BusaBieHo dakTopu,

HAHOKOMIIO3UTIE Ta HIAAXM 11 HigBUIEHHST.

1. Introduction

Interest in sub-micro- and nano-crystal-
line (smc¢ and nc) materials with unique
physical-mechanical properties increases
headily. The precursor of nano-materials
science era is Nobel Prize winner R.Fein-
man, who in 1959 put forward an idea to
construct small-sized objects on atomic level
[1]. Later on, in 1980th G.Gleiter formu-
lated the main concepts for smec and nc ma-
terials [2].
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However, as long ago as in 1960th the
works appeared on studying vacuum depos-
ited thin metallic films with high disperse
(as a matter of fact, nano-crystalline) struc-
ture and unusually high strength level [3-9].
The integration approach to the problem in
subsequent works of L.S. Palatnik’s school
allowed foundation of film physical materi-
als science. The summarizing monograph
[10] was based on two fundamental theses
according to which film structure and prop-
erties are determined by size effects and
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non-equilibrium states. These theses are
considered as the base ones for studying
modern nano-materials [11-14].

One of the promising ways to conserve
the thin film state in objects with thickness
of the order of 0.1 mm was found to be
creation of dispersion-hardened composites
with refractory nano-particles of strength-
ening phase. With alloying element content
only ~1 vol.%, the nano-composites were
remarkable for very high and stable
strength [15].

Usually it is thought [13—-14] that compact
nano-materials, to which thin films are con-
cerned, will be the most applicable as con-
struction and functional materials for new
technologies. In this connection, their me-
chanical properties deserve special attention.

An important little investigated charac-
teristic of films (foils) is also their relaxa-
tion resistibility that is of special signifi-
cance for non-equilibrium material in elec-
tronics, precision engineering and other
fields of the new technique. Quality and
longevity of instruments is limited by mate-
rial size non-stability because of relaxation
process development under stress, tempera-
tures and other factors [16—-18].

Below new results of studying the struc-
ture and physical-mechanical characteristics
(090, HV, p/pg, and Ac/cy) of dispersion-
hardened nano-composite foils (films) pre-
pared from the most important construction
materials — iron and nickel are presented.
The main aim is analysis of size effects,
thermal stability and relaxation resistibility
of the objects.

2. Experimental

Foils (films) of about <30 wm thickness
were prepared by simultaneous electron-
beam evaporation of main metals (Fe and
Ni) and hardening elements and subsequent
deposition onto glassceramics substrates.
For Fe films, it was tungsten; for Ni films
— SiO, Al,O3 and ZrO, oxides. Content of
the hardening phases did not exceed
2 vol.% and was controlled by X-ray spec-
tral and element mass analyses. Diffrac-
tometer DRON-2 and transmitting electron
microscope PEM-200 were used for the in-
vestigations. Deformation experiments in
the regime of active extension followed by
stress relaxation were carried out using the
instrument TIRAtest-2300 with high rigid-
ness. The stress relaxation in the foils was
estimated by the ratio Ac/c,, where Ac is
the relaxation value for 0.5 hours after

478

d,.lm

08}
06 |
04}
02t T

1 1 2 1 1

0 100 200 300 400

500 Ts°C

Fig. 1. Substrate temperature effect onto the
grain average size of vacuum condensates:
1 —Fe; 2 — Fe-W (W ~ 1.1 vol. %).

stopping the active extension; oy is the in-
itial stress value close to yield point og ;.
Note that the relative depth of relaxation
Ac/oq is the value reciprocal to the relaxa-
tion resistibility.

3. Results and discussion

3.1. Size effects

It is known that one of the ways to in-
crease strength and thermal stability of
non-equilibrium metallic materials is alloy-
ing with admixtures of small concentration.
In the case of foils (films) crystallized from
the vapour phase in vacuum, such alloying
is realized by simultaneous evaporation of
constituents [15, 19, 20]. At that, the alloy-
ing element besides refractivity and high
elastic modulus should be practically insol-
uble in the metallic matrix.

Note that such approach is successfully
realized for preparation of the modern nc
and smc materials [12-14].

Let us consider the results of studying
the vacuum condensates of the most impor-
tant constructional material — iron. The al-
loying element was tungsten satisfying the
requirements above.

The main parameter determining the de-
gree of structure dispersity is the substrate
temperature T, wunder crystallization
(Fig. 1). As it is seen, even micro-alloying
by tungsten results in significant dispersion
of the structure in the whole range of crys-
tallization temperatures and allows decreas-
ing the average grain size of iron based to
nano-level (d=50 nm). The effect of alloying
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Fig. 2. Structure of vacuum condensates Fe (a) and Fe-W (b, ¢) in initial state.

increases as the Fe atom diffusion mobility
rises with increasing temperature T.

For Fe-W films, single phase structure is
typical that is supposed by electron-diffrac-
tion and X-ray diffraction patterns. How-
ever, qualitative analysis of bright-field im-
ages at high magnification indicates the
presence of contrast in grain boundary
areas of Fe matrix. The contrast may be
interpreted as segregation of W nano-parti-
cles of several nano-meters size (in Fig. 2
these are pointed by arrows).

X-ray diffraction measurements of Fe-W
composite did not show any changes of the
crystalline lattice parameter. This means
that high degrees of supercooling and su-
persaturating under crystallization do not
result in formation of supersaturated solid
solution of tungsten in iron. The fact is
connected, seemingly, with pushing aside
the alloying element by the crystallization
front, and as a result, with formation of W
segregations at the growing Fe nuclei
boundaries.

Besides the crystallization temperature,
also W content influences significantly on
the film grain structure (Fig. 3). The great-
est dispersion of the structure takes place
under increasing W content up to -~
0.8 vol.%, while under the further W con-
centration increase, the grain size is practi-
cally not changed. Such character of the
dependence remains for all deposition tem-
peratures, the dispersion degree increasing
with decreasing the diffusion mobility of
vacuum condensate atoms.

The non-equilibrium degree of Fe-W
nano-composites determines the level of me-
chanical characteristics thereof (Fig. 4). The
largest values of micro-hardness and yield
stress are 3.3 and 1.2 GPa, respectively.
Thus, the empirical relation HV=38c 5 typical
for nc materials is applied [12—14]. Note that
under decreasing T, to 250°C and dispersing
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the structure to nano-level (~ 50 nm) the
film hardness reaches 5.5 GPa. However,
because of their low ductility, extension ex-
periments are complicated.

Conventionally, to describe the dependence
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Fig. 3. Influence of tungsten content onto the
grain average size of iron vacuum conden-
sates: 1 — T, = 550°C; 2 — T, = 450°C; 3 —
T, = 250°C.

of strength properties on the grain size,
Hall-Petch relation is used oy =0y + kd™
1/2) where 6, is a physical yield stress for
single crystals, and % characterizes the
hardening degree [21]. As it is seen from
Fig. 5, for Fe and Fe-W foils (films) the
Hall-Petch law is fulfilled in the whole
studied range of grain sizes.

At that, the k parameter for Fe foils is
close to corresponding values for armco-Fe
of metallurgical industry that formally in-
dicated similarity of hardening mechanisms
for vacuum deposited and metallurgical ma-
terials.

As to noticeable increase of the %k pa-
rameter for Fe—-W composite with grain av-
erage size larger than 350 nm, such the ef-
fect was repeatedly observed in metallic nec-
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Fig. 4. Influence of tungsten content onto
mechanical characteristics of iron vacuum
condensates: I — micro-hardness (HV); 2 —
arbitrary yield stress (o, ,).

materials [12—14], and in our case it may be
connected with W segregation at the grain
boundaries. However, at d values less than
~ 350 nm, the tendency to changing (de-
creasing) k parameter is observed, which is
also typical to many nc materials [12—-14].

As the problem is of special interest, we
notice only that the observed effect is usu-
ally connected with increasing role of the
grain boundary sliding under significant
dispersion of the structure.

Interesting is to compare the obtained
results with the known ones for Fe based nc
materials. For example, in the steel 3
treated by intense plastic deformation the
value o( 5 achieves 0.98 GPa [11]. In addi-
tion, the strength characteristic level in Fe—
W films (6 5 = 1.2 GPa) realized at 1.1 at %
W is achieved in technical alloys only at W
content larger by a factor ~ 20 (20 vol % W).

3.2. Thermal stability of
nano-composites

Thermal stability of functional materials
is the most important and intensively stud-
ied problem. The peculiarities of nc and sme
structures predetermine extra high degree
of non-equilibrium of the objects under in-
vestigation, in which under thermal and
force acting, the processes of homogeniza-
tion, segregation, recrystallization, and re-
laxation develop resulting in structure evo-
lution, subsequently, physical and mechani-
cal properties [14, 22].

In this connection, we consider the re-
sults obtained for Fe-W films [23-25].
Along with strength characteristics also the
relative electrical resistivity was measured.
Investigations showed that the grain aver-
age size (about 500 nm) remains unchanged
in the time gap studied up to 800°C, however,
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Fig. 5.
stress(o, o) on the foil grain average size:
1 — Fe; 2 — Fe-W (W ~ 1.1 vol. %).
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Fig. 6. Effect of isothermal annealing time
(800°C) on the physical and mechanical char-
acteristics of F-W vacuum condensates: I —
micro-hardness (HV); 2 — relative electrical

resistivity (p/pg)-

the values HV and p/py decrease signifi-
cantly after annealing for 30 min (Fig. 6).
As it was mentioned in [14], the electro-
resistivity vs. temperature dependence of
compact nc materials is used for analysis of
grain boundary state and determination of
their relaxation temperature. The resistiv-
ity is described by the following relation:

p)_lo, (1 (1)
I“Lpo) - dl'{r}

where p, pg are resistivity of poly- and
single-crystalline film respectively; [; is the
average free path of an electron in the de-
fect-free single-crystal; d is the grain aver-
age size; r is the electron scattering coeffi-
cient when crossing the grain boundary.

As 0<r<1, it follows from the relation
given that the resistivity of nc materials
should increase with d decreasing. Indeed,
significant increase of the resistivity was
mentioned by many researchers [12-14],
and also is observed for our objects (Fig. 6).
The revealed fact of significant decreasing

p/pPp under annealing the Fe-W films at un-
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Table 1. Local element composition of Fe—W films

Element Total spectrum Spectrum 1 Spectrum 2 Spectrum 3 Spectrum 4
Fe, vol.% 99.81 99.96 99.79 99.17 99.65
W, vol.% 0.19 0.04 0.21 0.83 0.35

changed grain size indicates variation of the
scattering coefficient r and, consequently,
decreasing equilibrium degree of the grain
boundaries. This effect may be connected
with removal of internal stress, healing the
micro-pores and grain boundary discontinui-
ties, etc. [12—-14]. It is considered that such
structure relaxation precedes the grain
growth.

Actually, at temperatures higher than
800°C in the Fe—W films the recrystallization
processes develop resulting in substantial de-
creasing physical-mechanical characteristics
HV and p/py. It is worth to note that in
commercial Fe-W alloys such processes take
place at temperatures by 300°C as lower.

Thus, the Fe-W films containing only
about 1.1 vol. % W possess rather high
strength characteristics and high thermal
stability that is the most important for the
sme and nec structures. As it was mentioned
above, these features of the nano-composites
may be related with formation of W segre-
gations at the grain boundaries and sub-
boundary areas.

For supporting the fact, the EDS tech-
nique was applied to carry out the local
element analysis (Fig. 7). Comparative
measurements were done in the bulk of the
grain (spectrum 1), triple joint of bounda-
ries (spectrum 2), and at boundaries and
sub-boundary zones (spectra 3 and 4). The
data are given in Table 1.

As it is seen, the data clearly indicate
formation of segregations because W con-
tent at the grain boundaries and sub-bound-
ary areas is by a factor 5 to 20 higher than
the values in the grain bulk.

3.3. Relaxation resistibility of
nano-composites

As it was mentioned above, one of the
features of the smec and nc structure evolu-
tion is the structure relaxation connected
with transition into the more equilibrium
state. On the other hand, the most impor-
tant deformation characteristic of the mate-
rials is their relaxation resistibility related
with external stress relaxation.

Below the analysis of the structure influ-
ence onto the regularities of deforming
stress relaxation in Ni-based nano-compos-
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ites is presented which determines their re-
laxation resistibility.

The Ni-based composites have the smec
structure with 200-500 nm size grains
separated by high-angle boundaries (Fig. 8).
Oxides as nano-disperse particles of 5—
10 nm are rather uniformly distributed
over the metallic matrix and are revealed as
local elements of contrast. Electron-diffrac-
tion patterns indicate amorphous structure
of the particles. Absence of preferential
grain boundary segregation of the hardened
phase revealed in the Fe-W films is con-
nected evidently with lower diffusion mobil-
ity of oxide nano-particles in the metallic
matrix and "immuring” them in the bulk of
growing grains [20].

According to the X-ray diffraction data,
insertion of the oxide particles results in no
noticeable variation of Ni erystalline lattice
parameter. This indicates absence of any
substantial diffusion interaction between
the oxides and the matrix metal.

Alloying by oxides results in strong
hardening of the nickel films; the most ef-
fect is observed under increasing the oxide
content up to ~ 1 vol. %. At the oxide con-
centration more than 1 vol. %, insignificant
hardening is followed by brittleness evolu-
tion. The typical results are given in Table 2.
Note, that the largest values of micro-hard-
ness at 1.5—-2.0 vol. % of oxide content are
about 4 GPa.

Let us carry out comparative estimation
of the obtained results. For example, the
yield stress of the best age-hardened com-
posites Ni-ThO, (2.5 vol. %) is 600 MPa
[26]. Additionally, the nano-crystalline Ni
with grain size of 15 nm has the yield
stress 940 MPa [12]. Thus, film composites
containing only 0.5 vol. % of oxides are
comparable by strength level with the nano-
crystalline nickel and substantially surpass
the last by thermal stability. Let us con-
sider the reasons of the film composite high
strength level. It is known that both the
hardening phase particles and the grain
high-angle boundaries are the most effective
barriers for moving dislocations. The bar-
rier effect increases with decreasing both
the particle size and distances between
them, as well as with the grain dispersing.
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spectr-2

spectr-1

Therefore, the very high level of nano-com-
posite strength is caused by combined influ-
ence of the grain-boundary hardening and

dispersion one. The observed difference of o

values for the composites (Table 2) is con-
nected mainly with different dispersion of
the oxides [26]. Analysis of stress relaxa-
tion showed that for all studied composites,
non-monotonic variation of the relaxation
relative depth Ac/c, with oxide concentra-
tion (f) is observed (Fig. 9).

So, as [ values increase to about 1 %,
the hardening is followed by Ac/c, increas-
ing, and, subsequently, decreasing the re-
laxation resistibility of the composites. Fur-
ther content increase, along with remaining
increase of the yield stress, is followed by
Ac/o( drastic decreasing and, hence, raising
the relaxation resistibility. To analyze the
new effect of the relaxation resistibility
non-monotonic changing we consider influ-
ence of the hardening phase onto the com-
posite structure. As it is known, the main
structure parameters influencing on the
stress relaxation are the grain sizes of me-
tallic matrix and hardening oxides. The
oxide dispersion is practically unchanged in
the concentration range under study. How-
ever, the grain sizes decrease by a factor
3-4 as f increases to 0.2-0.3 vol. %, and

spectr-4

Fig. 8. Structure of vacuum condensates: a
— Ni-SiO; b — Ni.

are practically unchanged under further
concentration increase. Our data indicate
substantial influence of the grain dispersion
on the relaxation resistibility. So, for homo-
geneous Ni foils (films) under decreasing the
grain size from 5 to 1 um, the value Ac/o,
increases by a factor of 4-5. This effect
may be connected with increasing density of
mobile dislocations formed under stress at
the grain high-angle boundaries. Naturally,
the density of grain boundaries increases as
the grain size decreases. As to the particles
of the hardening phase, as it is known,

Table 2. Comparative strength values for composites with oxide content 0.4-0.6 vol.%

Oy, MPa

Material Ni foils (commercial Ni films Ni-SiO Ni—Al,O4 Ni-ZrO,
purity) (vacuum) (vacuum) (vacuum) (vacuum)
Yield stress, 100 260 600-650 700-800 850-1100

482

Functional materials, 20, 4, 2013




AILIlinsky et al. / Structure and strength ...

0 0.5 1.0 1.5 20 f,vol.%
Fig. 9. Composition effect on the relative re-
laxation depth for composites: ® — Ni-SiO;

O — Ni-ALOy).

these are stress local sources [27]. The level
of the stress depends on differences between
elastic modules, thermal extension coeffi-
cients of the particles, etc. The residual
stress at phase boundaries is able to stimu-
late local plastic deformation under applied
external stress. As the stress relaxation is
determined by density of mobile dislocations
P, and their free path A, we get Ac = pbA,
where b is the Burgers vector, A is an aver-
age distance between oxide particles in the
slip plane [28]. Thus, as oxide content in-
creases, the number of nano-phase barriers
(particles) increases progressively and, re-
spectively, the A value decreases. On the
other hand, the particles appearing may be
sources of mobile dislocations, which den-
sity depends on the volume fraction of the
particles. Then, as it was mentioned above,
when the particle content decreases to 0.2—
0.3 vol. %, sudden dispersing the grain
structure occurs and, hence, growing the
density of mobile dislocations at high-angle
crystallite boundaries. Consequently, the ob-
servable increasing Ac/c, with oxide con-
tent increase is determined by mobile dislo-
cation active sources which are both crystal-
lite and phase boundaries. Changing the
dependence at the oxide content more 1 vol.
% may be connected with strengthening in-
teraction of stress fields due to progressive
shortening distances between particles as
their concentration increases. Estimation of
corresponding average critical distance be-
tween particles gives a value about 80 nm,
which generally depends on the oxide dis-
persion. Note, that a certain contribution
into Ac/o, values also may be included by
variously scaled defects of a crystalline lat-
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tice (growth dislocations, twins, nano- and
micro-pores, etc.).

Thus, the revealed effect of Ac/oj pa-
rameter non-monotonic variation can be
considered as a consequence of competitive
influence of hardening oxide particles which
are simultaneocusly sources and stoppers of
the mobile dislocations.

Earlier, for dispersion-hardened films of
the nano-composites it was shown that be-
sides strengthening under active extension
these demonstrate also strengthening under
relaxation of deforming stress [29]. The
evolution of ideas on this important effect
allowed proposition of the way to increase
relaxation resistibility of such high durable
objects. The method is in realizing the re-
peating (cycling) relaxations at the stress
level about Acjy; which does not result in
decreasing the composite plasticity. The cor-
responding treatment changes, in principal,
the character of the relaxation resistibility
dependence on the oxide concentration. So,
in whole concentration range the value Ac/c
decreases by a factor of 8—4, that means the
corresponding increase of the relaxation re-
sistibility. This effect may be connected
with exhausting the sources of the mobile
dislocations at the grain and phase bounda-
ries as well as blocking the dislocations by
the oxide qnano-particles. Healing the nano-
and micro-pores under loading also may
give a certain contribution. Note that after
triple repeated relaxations, significant
growth of the yield stress is observed
(~ 20 %). This method can be considered as a
special case of the known program hardening
the non-equilibrium bulk metallic materials.

Thus, the cycling relaxation of deform-
ing stress allows obtaining the objects com-
bining high values of durability and relaxa-
tion resistibility. The fact has a principal
significance for practical application of the
nano-composite films.

4. Conclusions

The possibility of nano-structure forma-
tion in vacuum deposited dispersion-hard-
ened foils (films) was shown. The grain
minimum size in Fe films containing only
1.1 vol. % W is 50 nm. It was established
that the Hall-Petch dependence for Fe and
Fe—-W foils is fulfilled in whole investigated
range of the grain sizes; however, for Fe—-W
composite with the grain average size lower
~ 3850 nm, the k parameter decrease typical
for the nc materials was observed. The seg-
regation of alloying W at the grain bounda-
ries was found, which stimulates increasing
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strength characteristics and thermal stabil-
ity of the nano-composites. The results ob-
tained indicate the possibility to realize
nano-crystalline state in dispersion-hard-
ened foils with thicknesses about 30 pm.

The factors influencing on the nano-com-

posite relaxation resistibility were revealed.

It
de

was shown that the eycling relaxation of
forming stress permits obtaining the ma-

terials combining high durability and re-
laxation resistibility values.

[N

10.

11.

12.

13.

References

. R.Feinman, Khimiya i Zhizn, 12, 20 (2002).

. H.Gleiter, Progr. Mater. Sci., 33, 233 (1989).

. .S.Palatnik, B.T.Boyko, Izv.MVO SSSR,
Ser.:Fizika, 3, 112 (1958).

. L.S.Palatnik, M.Ya.Fuks, B.T.Boyko, FMM,
11, 864 (1961).

. L.S.Palatnik, G.V.Fedorov,
FMM, 11, 815 (1961).

. B.Ya.Pines, Nguen Suan Tyan, FMM, 19, 899
(1965).

. I.A.Oding, I.T.Aleksanyan, DAN SSSR, 151,
829 (1963).

. J.W.Beams, In Structure and Properties of
Thin Films, 4, 183 (1959).

. L.S.Palatnik, A.IL.Il’insky,

(1968).

L.S.Palatnik, M.Ya.Fuks, V.M.Kosevich,

Mechanizm of Formation and Substructure of

Condensed Films, Nauka, Moscow (1972) [in

Russian].

R.Z.Valiev, 1.V.Aleksandrov, Nano-structural

Materials Obtained by Intense Plastic Defor-

mation, Logos, Moscow (2000) [in Russian].

N.I.Noskova, R.R.Mulyukov, Sub-microcrys-

talline and Nano-crystalline Metals and Al-

loys, Uro RAN, Ekaterinburg (2003) [in

Russian].

R.A.Andrievsky, A.V.Ragulya, Nano-struc-

tural Materials, Akademia, Moscow (2005) [in

Russian].

A.I.Iljinsky,

UFN, 65, 613

484

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

A.I.Gusev, Nano-materials, Nano-structures,
Nano-technologies, Fizmatlit, Moscow (2000)
[in Russian].

A.L.I’insky, Structure and Strength of Lay-
ered and Dispersion-hardened Films, Metallur-
gia, Moscow (1986) [in Russian].

M.L.Henkin, I.H.Lokshin, Size Stability of
Materials in Precision Engineering and In-
strument Making, Mashinostroenie, Moscow
(1984) [in Russian].

A.M.Borzdyka, L.B.Getsov, Stress Relaxation
in Metals and Alloys, Metallurgia, Moscow
(1984) [in Russian].

A.LIl’insky, S.I.Lyabuk, S.K.Kogut,
tional Materials, 8, 535 (2001).

A.I.Iinsky, A.S.Terletsky, E.V.Zozulya,
Phys. Met. and Metallogr., 86, 611 (1998).

A.l.Zubkov, A.L.Il’insky, V.M.Shulae et al.,
VANT (Voprosy Atomnoy Nauki i Tekhniki),
Series: Vacuum, Pure Materials, Superconduc-
tors, 5, 24 (2002).

N.J.Petch, J.Iron Steel Inst., 174, 25 (1953).

R.A.Andrievsky, Uspekhi Khimii, 71, 967
(2002).

A.E.Barmin, A.I.II’insky,
systems, Nano-materials,
8, 547 (2010).
A.E.Barmin, A.I.I’insky,
systems, nano-materials,
10, 387 (2012).

A.E.Barmin, A.l.Zubkov, A.LIl'insky, Func-
tional Materials, 19, 256 (2012).

A.I.I’insky, S.I.Lyabuk, Deformation and De-
struction of Materials, 12, 1 (2011).

J.U.Martin, Micro-mechanisms of Alloy Dis-
persion-hardening, Metallurgia, Moscow
(1983) [in Russian].

V.I.Dotsenko, A.l.Landau, V.V.Pustovalov,
Modern Problems of Low-temperature Plastic-
ity of Materials, Naukova Dumka, Kiev
(1987) [in Russian].

S.I.Lyabuk, A.E.Barmin, O.E.Mandibura,
Vestnik NTU "KhPI", 2, 76 (2002).

Func-

A.1.Zubkov, Nano-
Nano-technologies,

A.I.Zubkov, Nano-
nano-technologies,

Functional materials, 20, 4, 2013



