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Thermodynamics of disaggregated polymer

composites based on nanosized
powders of Ni and NiO*

Technique to obtain disaggregated composites with uniform distribution of
the Ni nanoparticles in a polymer matrix were developed on the example of epoxy
resin. Disaggregated and aggregated composites based on butyl methacrylate
copolymer with 5 wt% methacrylic acid and Ni and NiO nanoparticles have been
obtained. Enthalpies of mixing the components compositions in a wide range of
compositions were defined using isothermal calorimetry. Parameters adhesive
interaction at the interface and glassy polymer structure changes have been
calculated. The influence of the chemical nature of nanosized filler on interfacial

energy has been revealed.
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Introduction

The properties of filled polymer
materials are determined by four factors:
the chemical nature of the polymer and
the filler, filler content, structure of filled
polymer composites, and interfacial inter-
action at the interface ‘polymer — filler’'.

Mutual arrangement of the filler parti-
cles in the polymer matrix is understood
to be the structure of filled materials. It is
typical of nanosized powder fillers to un-
dergo the process of aggregation, which

6

is accompanied by the reduction of free
surface energy. As a result, these particle
aggregates can be the structural elements
of a polymer material, along with the
single filler particles. The process of ag-
gregation leads to a decrease in interface
boundaries in a filled polymer material;
intermolecular forces which are on inter-
face boundaries manifest themselves to a
lessen degree, which in turn can influence
the composite bulk property?.
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The aim of this study is to develop
a method of synthesis of disaggregated
composites on the example of epoxy resin
with the Ni nanoparticles and to investi-

Experiment

In order to develop a method for ob-
taining disaggregated composites, epoxy
resin in plastic state was employed as a
polymer component. Butyl methacrylate
copolymer with 5 wt% methacrylic acid
(BMC-5) was used for research into the
thermodynamics of filled composites.
Copolymer BMC-5 is a commercial
product; it was supplied by research in-
stitute ‘Polymer Technology’ based in
Dzerzhinsk. Copolymer molecular mass
measured by dynamic light scattering us-
ing «Brookhaven ZetaPlus» was 3,2-10°.
Nickel Ni nanopowders and nickel oxide
NiO were used as fillers; they were ob-
tained in the laboratory of the Institute of
Pulse Processes in Electrical Physics of
UB RAS by electric explosion of metal
wire in an argon atmosphere for nickel
and oxygen for nickel oxide.

X-ray diffraction data obtained us-
ing BrukerD8 Advance diffractometer
revealed that the nickel oxide consists of

200nm
NiO0—-96n

gate the thermodynamics of interface in-
terraction between butyl methacrylate co-
polymer with 5 wt% methacrylic acid and
Ni and NiO nanoparticles.

98% of the face-centered cubic phase and
of 2% of metallic nickel.

Figure 1 shows electron micrographs
of the nanopowders obtained with a trans-
mission electron microscope JEOLJEM
2100.

It is seen that the particles are spheri-
cal and their size does not exceed 100 nm.
High resolution images for Ni show that
the particles have a surface structure
which differs from that of the core. Pre-
sumably, this is due to the presence of
the oxide coating on the Ni metal particle
surface.

Nanopowders specific surface was
determined by BET low temperature ad-
sorption of the nitrogen vapor using an
automated adsorption installation Mi-
cromeritics TriStar 3000. For the Ni pow-
der, the specific surface area was 8.0 m%g,
and for NiO 16.6 m*/g.

Fig. 1 (a) — electron photograph of nickel oxide particles;
(b) — electron photograph of nickel particle
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Results and Discussion

Two methods were used for prepara-
tion of polymeric compositions based on
nanoparticles and on epoxy resin. The
first method led to disaggregated com-
positions; it composed of the following
steps: preparation of nanopowder suspen-
sion in ethyl acetate; sonication (RCD) of
the suspension in the CPU “Cole_Palmer
CPX 750” for 15 min; adding a calculated
amount of epoxy resin; processing na-
nopowder suspension in the presence of
epoxy resin using dissolver “Ecros-8100.”
Polymer compound was prepared by cast-
ing onto a glass substrate, followed by re-
moving the solvent.

The second method was used to ob-
tain aggregated compositions, where the
dry powder of filler and epoxy resin were
mixed by using a dissolver.

Uniformity of particles distribution
was monitored in two ways. Dynamic
light scattering data for compounds ob-
tained with the use of an RCD showed
the presence of single particle size of ~20
nm. For compositions obtained without
RCD, aggregates of more than 100 nm
were detected. These data are confirmed
by photographs obtained with an optical

microscope, "MIN-8" and presented in
Figure 2.

For compounds obtained with RCD,
more even particle destribution was ob-
served.

Using the developed methods, nano-
powder composition of Ni and NiO with
copolymer BMC-5 was obtained; the
polymer was added as a 25% solution in
ethyl acetate.

For studying the thermodynamics of
interfacial interaction in composites, iso-
thermal microcalorimetry method was
used. The enthalpies of solution of the
polymer (AN)), composite films (AN,)
and the enthalpy of wetting powders in
chloroform (AN,)) were experimentally
calculated on the calorimeter DAK-1-1 of
Tian-Calvet type in isothermal conditions
at 25 °C.

Energy of interfacial interaction was
estimated by the amount of enthalpy of
mixing of the components of the polymer
composition, which was calculated us-
ing thermochemical cycle®, according to
equation 1:

AH™ = o AH, + ©,AH, — AH, (1)
where @, w, are the mass fractions of the

Fig. 2. Micrograph of film ES-KDA/Ni with 70% degree of filling;
(a) — without RCD; (b) — with RCD
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polymer and the powder in the composite.

Figure 3 shows the concentration de-
pendence of the enthalpy of dissolution
for the aggregated and disaggregated
compositions based on BMC-5 from the
mass of Ni filler. The points of intersec-
tion with the ordinate axis at o, =1 cor-
responds to the enthalpy of wetting of
nanosized nickel powder. The left vertical
axis shows the enthalpy of dissolution of
BMC-5 in chloroform. The graph shows
that the dependence of the two systems
can be described by a single curve. Thus,
the aggregation process does not affect
the thermodynamics of dissolution of the
compositions.

To compare influence of the filler na-
ture on the thermodynamics of the inter-
facial interaction, the concentrations de-
pendence of the enthalpy of dissolution
of the compositions BMC-5 with nickel
oxide was obtained. Using equation 1, the
concentration dependence of the enthalpy
of mixing, shown in Fig. 4, were calcu-
lated.

It is seen that the dependence AH™ for
a system with Ni has the alternating form:
in the area of small filler content, positive
values of the enthalpy of mixing are ob-

0,2 04 0,6 08 10
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Fig. 3. The concentration dependence of the
enthalpy of dissolution of nanocompositions
in chloroform
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served; in the area of big content, nega-
tive; for a system with NiO, the enthalpy
of mixing is completely in the negative
range.

The data of enthalpy of mixing were
processed using a theoretical model de-
scribing the thermodynamics of interac-
tion in filled composites4. Parameters
of adhesive interaction at the interface
(AH,, is the enthalpy of adhesion per
1 m? of interface and K is adsorption con-
stant), and the parameters of the glassy
polymer structure changes (y is the maxi-
mum increase in the proportion of meta-
stable positions in the structure of the
polymer and 10 is the characteristic thick-
ness of the adhesive glassy layer) were
calculated. The calculated parameters are
given in Table 1.

Table 1
Powder AHW s K |yx10*| /[, nm
[ Im?
NiO -0,45 99 1,5 65
Ni -1,01 98 1,8 980

The table shows that the AH  of
polymer matrix to the Ni surface adopts
a value which is more exothermic than
that of NiO surface, which indicates a

Ni

0.2 04 ; 0,8 0

NiO

2 -AHm, ,D,)K/I'

Fig. 4. The concentration dependence
of the enthalpy of composites’ mixing



Ne 12015
Chimica Techno Acta

N. S. Volodina, T. V. Terziyan, A. P. Safronov, A. V. Petrov

strong interaction with the surface of
polymer nano-powder metal Ni as com-
pared with the surface of NiO. Given the
data of electron microscopy, it can be
argued that both powders have the same
chemical nature of the surface, and the
observed difference is due to the nature
of the nanoparticle core. So, in the work5,
the effect of increasing the protonation of
surface hydroxyl groups of the oxide with
electro-saturated metal core of aluminium
particles had been established 5. A similar
mechanism is possible for the studied sys-
tems based on Ni and NiO with a copoly-
mer of BMC-5 under the assumption of
the presence of proton-donor interaction.
Establishing the detailed mechanism of
interfacial interaction requires the use of
complex structure techniques.

K values for the two studied powders
are close, ie speed of reaching the adsorp-
tion equilibrium does not depend on the

chemical nature of the powder and, ap-
parently, is determined by its dispersion.

For compositions based on the metal
Ni, greater thickness surface of the adhe-
sive layer 10 and increase in the propor-
tion of metastable vacancies y, compared
with NiO, are observed. Strong interac-
tion in the interphase layer can lead to
the fixing of a non-equilibrium conforma-
tion of macromolecules of the copolymer,
which is manifested in the larger values
of the parameters of the glassy structure.

Thus, studying the thermodynamics of
the interaction of nanopwoders of metal-
lic nickel and nickel oxide with BMC-5,
it was found that the method of producing
composites does not affect the interfacial
energy, and nickel metal powder contrib-
utes significantly to vitrification of the
copolymer compared with a powder of
nickel oxide.
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TepMoguHaMuka Ae3arperupoBaHHbIX
nonuMepcoaepXKalymx KOMNo3nuuii Ha 0CHoBe
HaHogucnepcHbix nopowkoB Ni n NiO*

Ha npumepe 3MOKCMOHON CMOSbI pa3pa60TaHa MeToanKa nony4vyeHua gesar-

PErMpoBaHHbIX KOMMO3UTOB C PAaBHOMEPHBIM pacnipefeneHnem HaHouactvy, Ni
B nonuMepHon Matpuue. [MonyyeHbl [e3arperMpoBaHHbIE W arpervpoBaHHbIe
KOMMO3WThl HAa OCHOBE COmoiMMepa byTuimeTakpunata ¢ 5% macc. MeTakpuio-
BOI1 kncnoTtoit u HaHouvacTuy, Ni v NiO. MeTogom n3oTepMmnyeckoit KanopumeTpum
C MOMOLLbI0 TEPMOXMMUYECKOTO LKA OMPEeaeeHbl SHTabNUW CMELLEHUS KOM-
MOHEHTOB KOMMO3WLMIA B LUIMPOKOM Auana3oHe cocTaBoB. C MCnonb3oBaHueM Tep-
MOAMHAMUYECKOr0 NOAX0AA B ONMUCAHUM HAMOSHEHHBIX MOSIMMEPHBIX KOMMO3MLMA
Ha OCHOBE [aHHbIX SHT/IbNNUM CMELLEHWS PacCUMTaHbl NapaMeTpbl afre3vVoHHOro
B3aMMOLENCTBUA Ha rpaHuLe pasaena (a3 u U3MeHeHns CTeNoobpasHoii CTpyK-
Typbl nonuMepa. 06HapyXeHo BUSHWE XMMUYECKOM NPUPOLLI HAHOAUCTIEPCHOO

HanoNIHUTENA Ha 3HEPreTuky ME)KCIL)a3HOF0 B3aMMOencTBus.

*Pab6oTa BbINonHeHa npu thuHaHCoBo noaAepxke rpaHta POOU Ne 12-03-31417.
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Beepenue

CpoiicTBa HAalOJIHEHHBIX I10-
JUMEpHBIX MaTepHajioB, OIPEAEIIAIOTCS
YEeTHIPHMSI OCHOBHBIMH (DaKTOpaMu: XH-
MHUYECKOW NPHUPOAOH MOJUMEpa WU Ha-
MIOJTHUTEJISI, COIEP’)KaHUEM HalloJIHUTEII,
CTPYKTYpOH OpraHH3alliy HAIlOJHEHHOUN
MIOJTMMEPHON KOMITO3UITNY U MEX(pa3HbIM
B3aUMOJICIICTBUEM Ha TIpaHULE paszena
(a3 mommmep — HarroHUTENb [ 1].

[Tox cTpykTypoil HAIOJTHEHHBIX MaTe-
pHUaJIoB HIOHUMAIOT B3aUMHOE PacIloyIOxkKe-

HUE YaCTUIl HAIIOJHUTENS B NOJIUMEPHOH
Marpuue. [ HaHOAMCIIEPCHBIX MMOPOILI-
KOB HAIIOJHUTENS XapaKTEepeH IpOoLece
arperupoBaHusi,  COIPOBOXKAAIOLIUICS
YMEHBIIICHHEM CBOOOIHOW ITOBEPXHOCT-
HOW SHepruu. B pesynprate CTpyKTyp-
HBIMHU 2JIEMEHTaMM HAIllOJHEHHOTO IOJIU-
MEpHOI0 Marepuaja, KpoMe €IMHUYHBIX
YaCTHIl HAITOJHATENS, MOTYT OBITH arpe-
rarel yactul. IIpouecc arperupoBaHus
MPUBOANT K YMEHBIICHHIO MexXpazHoi
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TPaHUIBl B HAMOJHCHHOM IOJUMEPHOM
Marepualie, 1 B MEHbBIIICH CTEIeHU IMpPo-
SIBIISTFOT Ce0sl CHIJIBI MEXKMOJIEKYJISIPHOTO
B3aMMOJICHCTBHS, peallu3yeMble Ha Ipa-
HUIle paszena ¢a3, 4To B CBOIO Ouepe/hb
MOXET IMOBJIUATh HAa 00bEMHBIC CBOWMCTBA
KoMIIO3uTa [2].

B 5T0i1 cBSI3M 1eNbI0 HACTOALLEH pa-
00TBI cTayio: pa3paboTKa METOJMKH TI0-

JKcnepuMeHTaNbHasA 4acTb

[ pa3paboTKM METOIWKH ITOTyde-
HUSI I€3arPeTUPOBAHHBIX KOMITO3HUIUI B
KauecTBE MOJIMMEPHOTO KOMIIOHEHTa HC-
MOJIb30BalK AMOKcHHYI0 cMoiry KJIA B
BSI3KOTCKYYEM COCTOSIHUH. J{JIs m3yueHus
TEPMOANHAMUKN HAITOJHEHHBIX KOMIIO-
3UTOB WCIIOJIE30BATH COTIOMMEp OyTHII-
MeTakpuiara ¢ 5 Macc.% MeTaKkpuJIOBOI
kuciotel (BMK-5). Comommmep BMK-5
SIBJSIETCSI TIPOMBINUICHHBIM IPOIYKTOM,
obu1 npenocrarien HUW «TexHomoruu
nonumepoBy T. [[3epkuHcka. Moneky-
JSIpHAsi Macca COIOJMMEpPa, M3MEpeHHasI
METOJIOM JAWHAMHYCCKOTO  PACCESHHUS
cBeta Ha nipudope Brookhaven ZetaPlus,
cocrasuia 3,2 - 10°. B xauecTBe HamoJ-
HUTENEH OBUIM HCIIONB30BaHBl HAHOIIO-
pomku Hukenst Ni u okenja Hukesst NiO,
MOJTyYeHHBIE B JIA0OPATOPHH HMITYJIb-
CHBIX TIporieccoB MHCTHTYTA 21eKTpOdH-
3ukn YpO PAH metomom anekTprudeckoro

200nm
NiO—-96n

JIy4eHUsl Jie3arperupoBaHHbIX KOMIIO3H-
TOB Ha IPUMEPE AIOKCUAHOM CMOJIBI ¢
HaHouacTUIaMu Ni; H3ydeHHE TSPMOIH-
HAMHUKH MEXK(pa3HOTO B3aHMOACHCTBHS
KOMIIO3UIIMY  COTIONIMMEpa OyTHIMeTa-
Kpwiata ¢ 5 % Macc. MeTakpuIoBOM Ku-
ciotel (BMK-5) u Hanouactun Ni u NiO.

B3pBIBA MTPOBOJIOKH METallla B aTMOcQe-
pe aproHa Il HUKEINST W KUCIOPOAa JIIsI
OKCH/Ia HUKEIIS.

W3 peHTreHOCTPYKTYpHBIX JaHHBIX,
MOJTYYEHHBIX C TOMOINBIO Au(paKToMe-
tpa BrukerD8 Advance, ycraHoBIeHO,
YTO OKCHJI HHKeJsS Ha 98 % cocrout u3
KyOW4ecKol rpaHeIleHTPUPOBAHHOM (ha3bl
1 Ha 2 % — U3 METaNIn4eCKOr0 HUKEJIS.

Ha puc. 1 mpuBeneHs! 3IeKTpOHHEIE
MuKpodoTorpaguu  HAHOAMCIIEPCHBIX
MOPOIIKOB, TIONyYCHHBIE C TOMOIIBIO
MIPOCBEYMBAIOIIETO JJIEKTPOHHOTO MH-
kpockorra JEOLJEM 2100.

Buzano, 9TO YacTHIEI MMEIOT cdepu-
9ecKylo (opMy M HX pasMep He HpEBHI-
miaet 100 am. Ha dororpaduu BeicOKOTO
paspenteHus st Ni BUIHO, YTO YaCTHUIIBI
HUMEIOT CTPYKTYPY MTOBEPXHOCTH, OTIIMYA-
TomIyrocs ot siapa. [lo-BuaumMomy, 3To cBsI-
3aHO C HAJTMIAEM OKCHIHOH 00OJIOUKH Ha

Puc. 1. HanoaucepcHble MOPOLIKH: @ — 3JIeKTPOHHAsk GoTorpadus 4acTHI OKCHAA HUKEJIS;
0 — 31eKTpoHHas GoTorpadys YaCcTULbI HUKENS
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MOBEPXHOCTH METAJUTHUECKUX YacThIl Ni.

VrenvHasi TOBEPXHOCTh HAHOMIOPOIII-
KOB ObUTa ompeneneHa wmerogom bOT
M0 HHU3KOTEMIIEPaTypHOH copOIMH Ia-
POB a30Ta C MOMOIIBI0 aBTOMATHYECKOM

Pesynbrathl n 06cyxpeHue

Jns modydeHWsT MONMMEPHBIX KOM-
TIO3UIIMI HA OCHOBE HAHOYACTHI[ M ITOK-
CHIHOW CMOJIBI OBUTH HMCIOIIB30BAHBI IBE
MeTtonukd. [lepBast MeToHKa — MoyyeHre
JIe3arpEerpOBAHHBIX KOMITO3UIINH — BKITIO-
gaja CTaJid: IPUTOTOBJICHUE CYCIICH3UH
HAHOIIOPOIIIKA B JTHIIAIIETATE; YIBTPa3-
BYKOBYIO 00paboTky (Y30) cycrieH3uu
Ha mporeccope Cole Palmer CPX 750
B TeueHHe 15 MUH.; m0OaBICHNE pPacCUH-
TAHHOTO KOJHWYECTBA SMOKCHUIHONH CMO-
JIBI; 00pabOTKy CYCIIEH3UH HaHOTIOPOIIKa
B NIPHCYTCTBUH JIIOKCHIHOW CMOIBI Ha
nucconmbBepe «IOxpoc-8100». Tlommmep-
HYI0 KOMITO3UIHIO TIOJyJaJld METOIOM
MOJIMBA HAa CTCKIITHHYIO MOMJIOKKY C I0-
CIICIYIOIINM yTaJeHUEM PACTBOPUTEIIS.

Bropas MeTommka WCIOIB30Basiach
JUI TIONyYCHUS] arperupoBaHHBIX KOM-
TIO3WITHH, TIE C IMOMOIIBIO JMCCONBBEPa
CMEIIMBAINCH CYXOH MOPOIIOK HAITOIHH-
TeJISl ¥ STIOKCHIHASI CMOJIA.

OnmHOPOIHOCTh pacHpeieIeHus] da-
CTHIl KOHTPOJHPOBAIH IBYMs CIoco0a-

COpOIIMOHHON ycTaHOBKH Micromeritics
TriStar 3000. J{st moporika Ni Bemuan-
HAa Y/ICJIbHOH TOBEPXHOCTH COCTaBHUIIA
8,0 M?/1, a s NiO 16,6 Mm%/

MH. /laHHBIE THHAMHYECKOTO pacCesHHs
CBETA Ui KOMITO3UIMH, TTONYYCHHBIX C
npumeHeHneM Y30, mokazain HaJIndue
eIMHUYHBIX YacTull pazmMepoM ~20 HM.
Jutst KoMImo3uIuii, mosrydeHHbIx 6e3 Y30,
oOHapyKeHBl arperarbl pasmepoM 00-
nee 100 HM. DTH JaHHBIE TTOATBEPKIIA-
torcss  dororpadusMu, IMONTyYESHHBIMU
C TIOMOIIBIO ONTHYCCKOTO MHKPOCKOTIA
«MUWH-8» u npencraBieHHBIME Ha pUC. 2.

JLy1st KOMITO3UIINH, TIPH TTOTyYEHUH KO-
TOPBIX HCIONb30Basach Y30, Habmroma-
eTcs 0oJiee paBHOMEPHOE pacTIpe/ieNiCHIe
JACTHII.

Hcnonp3yst pa3paboTaHHbIe METOIVKH,
ObUTH TIOTYyYCHBI KOMIIO3MIUA HAHOIH-
cnepcubIx nopomkoB Ni u NiO ¢ comnou-
MepoM BMK-5, rne nonumep nobasisuics
B Buje 25 %-T0 pacTBOpa B dTHIIAIICTATE.

Jns u3ydeHns: TepMOITUHAMUKH MEK-
(a3HOTO B3aMMOMEHCTBUS B KOMIIO3UTAX
UCIIONTB30BATH METOIl H30TePMHUYCCKON
MHUKPOKAJIOPHMETPUH. DKCIIEPIMEHTAIIb-
HO W3MEPsUTH DHTAIBIHNN PACTBOPEHHS

Puc. 2. Muxpodororpadus mienku IC-KJIA/Ni co crenenso Hanoaaerus 70 %:
a — 6e3 npumenenus Y30; 6 — ¢ npumeHenueM Y30
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nonumepa (AH, ), KOMIIO3UIMOHHBIX TLjIE-
HOK (AH,), a TaxKe SHTaIbIIMK CMavu-
BaHUs TMOPOIIKOB B Xxjopodopme (AH,)
Ha xajgopumetrpe JIAK-1-1 tuna Tuana-
KanpBe B H30TEpMHUYECKHX YCIOBMSX
mipu 25 °C.

DHepreTuky MeK(pa3sHOTo B3anMOIeH-
CTBUS OLICHUBAJIN BEIMUUHOM SHTAJIBIIUI
CMEILEHUs] KOMIIOHEHTOB IIOJIMMEPHOI
KOMITO3UIIMH, KOTOPYIO PacCUMTBIBAIU C
TTOMOIIHI0 TEPMOXUMUYECKOTO ITHKIA [3],
110 ypaBHEHUIO 1:

AH™= o AH, + ®,AH, — AH, e
e ®, O, — MaccoBas JIoJs TOJIuMepa U
MOPOILLKA B KOMIIO3UTE.

Ha puc. 3 npuBeneHsl KOHLEHTpa-
LIMOHHBIE 3aBUCUMOCTH DHTAJBIIUU pac-
TBOPEHMS Ul arperupoBaHHBIX U Je3ar-
pErupoBaHHBIX KOMIIO3MLIMI Ha OCHOBE
BMK-5 or maccoBoro comepikaHusi Ha-
nonHuTeNs Ni. Touku mepecedeHus: Kpu-
BBIX C OCbIO OpIMHAT TIpU ® = 1 OTBe-
YalOT BEJIMYMHE SHTAJIbIIUM CMauyUBaHUS
HAHOAMCIEPCHOro Mnopoliuka Hukens. Ha
JIEBOM OCH OpJMHAT NPUBEICHA BEIUYMHA
sHTaNbMu pactBoperuss bMK-5 B xj0-
podopme. N3 rpaduka BUIHO, YTO 3aBH-
CHMOCTH U IBYX CHCTEM MOTYT OBITh
OIMCaHbBI OJTHON KpUBOU. TakumM 00pazom,
MIPOLIECC arperaluy He BIUSET Ha TepPMO-
JUHAMUKY PACTBOPEHUS KOMITO3ULIUH.

02 04 0,6 038 10
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Puc. 3. KoHueHTpalnoHHast 3aBUCHMOCTh
SHTABINN PACTBOPEHHS HAHOKOMITO3HITHIA
B xsopodopme

[ cpaBHEHHS BIHMSHUS TPUPOIBI
HAITOJTHUTEINST HA TEPMOIUHAMHUKY MEXK-
($azHOro B3aUMOJICHCTBHUS ObLIA MOJTyYe-
Ha KOHIICHTPALMOHHAsI 3aBUCHMOCTD JH-
TaJBITUN PACTBOPEHUS TSI KOMITO3HITHIA
BMK-5 ¢ okcumom nHukens. Vcmomb3ys
ypaBHeHHE 1, OBITH paccunTaHbI KOHIIE-
TPAaLMOHHBIC 3aBHCHUMOCTH JHTAJBITUH
CMEIICHNUS, IPEACTaBICHHBIC Ha PUC. 4.

Bugno, uto 3aBmcumocts AH™ st
cucteMbl ¢ Ni UMeeT 3HaKoNepeMeHHBIN
BUJ: B 00JaCTH MaJIOTO COACpKaHHS Ha-
TIOJTHUTETST HaOIIOmaeTcsl MOJIOKUTEIb-
HBIC 3HAYCHUS DSHTAJBIINU CMCIICHHUS,
B 00JacTH OOJBINETro COACPIKAHUS — OT-
punarenbHbIe; a st cucteMsl ¢ NiO 9H-
TaJIBITHS CMEIICHHUS TIOIHOCTHIO HAXO/IAT-
cs1 B 00JIaCTH OTPHUIIATENBHBIX 3HAYCHUI.

JlaHHBIC SHTATBINN CMEIICHUS OBLTH
00paboTaHBI ¢ TTIOMOIIBIO TEOPETHIECCKON
MOJIEJIH, OITUCHIBAIONICH TEPMOTUHAMUKY
B3aMMOJICHCTBUSI B HATIOJIHCHHBIX KOM-
no3utax [4]. beum paccumransl mapa-
METpBl aIIre3MOHHOTO B3aWMOACHCTBHS
Ha rpanune pasgena ¢das (AHZ — om-
TaJIbINs a[re3un B pacuere Ha | M? Mex-
¢azHoii moBepxHocTH U K — KoHcTaHTa
aJcopOuum) W TapaMeTphl H3MEHCHHS
CTEKIIOO0PAa3HOH CTPYKTYpHI IOJIMMEpPa
(y — MakcuMaipHOE YBEIHYCHHC HOIU
MeTacTaOMIFHBIX BaKaHCHH B CTPYKTYpe
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Puc. 4. KoHlleHTpalmoHHast 3aBUCUMOCTh
SHTAJBIIMA CMEIICHUST KOMIIO3UTOB
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nonuMepa M [, — xapakTepHas TOJIIMHA
AINe3MOHHOTO  CTEKJIO0OPAa3HOTO  CJIOS).
PaccuntaHHble MapaMeTpsl IPUBEICHBI B
Tabmuue 1.

Tabmuna 1
g .
g AHW; K| yx10* |[,mm
= Jhox/m
NiO -0,45 |99 1,5 65
Ni -1,01 |98 1,8 980

W3 Tabauisl BUAHO, YTO AH:;F I[1OJIN-
MEPHOM MaTpPHIIbI K TOBepXHOCTH Ni TpH-
HUMaeT OoJiee SK30TEPMHUUECKOE 3Hade-
HHE, YeM K ITOBEPXHOCTH OKCHIa HUKEIS,
YTO CBUAETEIBCTBYET O 0o0Jiee CIIIBHOM
B3aNMOJICHCTBUH TIOIUMEPA C TIOBEPXHO-
CTBIO HAHOTIOPOIITKa MeTaumnaeckoro Ni
0 cpaBHEHHIO ¢ ToBepxHOCTBIO NiO.
YuuThIBask JaHHBIE JIEKTPOHHONW MHUKPO-
CKOTIMH, MOYKHO yTBEPKIAaTh, 4TO 00a Imo-
POIIIKa HMEIOT OANHAKOBYIO XHMHIECKYTO
IPUPOIY TTOBEPXHOCTH, W HaOIIOZaeMOe
paznuane 00yCIOBICHO TPUPOIOH smpa
HaHovacTHIlbl. Tak, B pabote [5] oOHapy-
JKeH 3P PEKT MOBBIICHAS POTOHU3AINN
MIOBEPXHOCTHBIX THIPOKCHIIBHBIX TPYIII
OKCHZa 3a CYET OHIICKTPOHACHIICHHOTO
METaJUTHIECKOTO SIIpa YACTHUI] ATIOMUHHS
[5]. AHamOTHYHBIA MEXaHU3M BO3MOXKCH
IUTSL ICCIIEAYeMBIX CHCTEM Ha ocHoBe Ni
1 NiO ¢ cononmumepom BMK-5 B nipenro-

JIOKCHUW HAJIWYHsI TPOTOHOIOHOPHOTO
B3aUMOJICUCTBHUS. YCTAaHOBIICHUE ACTalIb-
HOTO MeXaHu3Ma Mex(}asHOTO B3aUMO-
JeHCTBUS TPeOyeT HCIIONb30BAHUS KOM-
IJIeKca CTPYKTYPHBIX METOJIOB.

3nauenust K nmns aByX W3y4eHHBIX
MTOPOIITKOB OJIU3KH, T. €. CKOPOCTh JIOCTH-
KECHUS aJICOPOIIMOHHOTO PABHOBECHS HE
3aBHCUT OT XHUMHYECKOH MPHUPOABI TIO-
polka W, IMO-BHIUMOMY, OIPENEISIeTCS
€r0 JTUCTIEPCHOCTBIO.

Jns xoMmo3unmii Ha OCHOBE MeETall-
jmyeckoro Ni HaOmomaercs Oolibliee
3HAYCHUE TOIIIMHBI TTOBEPXHOCTH ajl-
TE3HOHHOTO CJIOS [ M YBEIMYEHHS J0JIU
METacTaOWIBHBIX BaKaHCHU Y, 1O CpaB-
Heunio ¢ NiO. CriibHOE B3aUMOAEHCTBUE
B MEX(a3HOM CII0O€ MOXKET MPHBOJNUTH K
(bUKCUPOBAaHUIO HEPABHOBECHOM KOH(pOP-
MaIli¥ MaKpOMOJICKYJ COIOJIMMEpa, YTO
MIPOSIBJISIETCSL B OOJIBIIMX 3HAYCHUSX IMa-
pamMeTpoB CTEKI000Pa3HON CTPYKTYPHI.

Takum 00pa3om, Ha TIpUMEpe H3yde-
HUS TEPMOJMHAMHUKH B3aUMOJICHUCTBUS
HAHOITOPOIITKOB METAJITMUECKOTO HHUKEIIsS
n okcua Hukens ¢ BMK-5 ycranosneno,
YTO METOJIMKA ITOJTyYCHUS] KOMIIO3UTOB HE
BIIMSIET Ha DHEPTETHKY MeK(a3HOTO B3a-
MMOJICHCTBHSI, a TAaKKE€ METaJIINYECKHI
MOPOIIOK HHUKENS CHOCOOCTBYET 3HAYH-
TEJIBHOMY CTEKIIOBAHHIO COIOJIMMEPA TI0
CPaBHEHUIO C IMOPOIIKOM OKCHIa HUKEIIS.
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