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Abstract. Discusses the impact of dispersed filler in the form of microcrystalline graphite
(MG) on the formation of the supramolecular structure of the amorphous—crystalline polymeric
materials the binary system of PTFE + MG. The theoretically calculated and experimental values of
the composites densities are compared. The theoretical model of densities calculation takes into
account the degree of crystallinity and the degree of the polymer—-matrix (PM) ordering, as well as
the deformation of the crystal cell in the amorphous phase. The degree of ordering and density of
PM PTFE—composites amorphous phase behave in a complex manner with increasing content of
dispersed filler and in a different way than with fibrous filler in the form of carbon fiber (CF).
Studies of dual systems of PTFE + MG and PTFE + CF have shown that the ordering presence the
amorphous phase can be considered one of the formation factors of the composite materials
supramolecular structure based on amorphous—crystalline polymers.

Aunomayusn.  PaccmarpuBaeTcsi — BIUSHUE  JUCHEPCHOTO  HANOJNHUTENsS B BUJE
ckpbITokprucTamuyeckoro rpagura (CKI) Ha ¢opmupoBaHUe HaIMOJIEKYISIPHOW CTPYKTYPBI
aMOP(PHO—KPUCTAIUIMYECKUX TOJMMEPHBIX MarepuaioB JBoiHOH cuctemsl [ITDD + CKI' myrem
COIIOCTABJICHUSI TEOPETUYECKU PACCUMTAHHBIX M OKCHEPUMEHTAIbHBIX 3HAYEHWI IUIOTHOCTEN
KOMIIO3UTOB. TeopeTndeckas MOJIEIb pacyeTa INIOTHOCTH YYHUTHIBAET CTENEHb KPUCTAJUIMYHOCTH U
CTeNeHb yrnopsaoueHus noinuMepHoil marpuusl (IIM), a Takxe nedopmanuio KpUCTAIUINYECKOM
sayeiiku B amopdHoii (paze. CTeneHp ynopsAa0deHus U IIOTHOCTh amopdHOo# (a3l [IM komno3uTos
[IT®D BenyT cebs cI0KHBIM 00pa30M MPU BO3PACTAHUHU COJEPKAHUS JUCIIEPCHOTO HAIOJHUTENS U
MO-JIPyrOMY, Y€M C BOJOKHUCTHIM HAINOJHUTEIEM B BHAE yriepogHoro BosiokHa (YB).
Uccnenosanusmu aBoWHBIX cucTeM IITOD + CKI' u IITOD + VB noka3zaHo, 4To HaJIW4dHue
yrnopsaoueHuss amopdHoil (a3sl MOXKHO cuMTaThb OJHMUM U3 (HakTOpoB (HOPMHUPOBAHUS
HA/JIMOJIEKY/IAPHOMH ~ CTPYKTYpbl ~ KOMIIO3MLMOHHBIX  MarepuajoB Ha OCHOBE aMOp(HO—
KPUCTAIINYECKHUX TOJIMMEPOB.

Keywords:  model, density, structure, ordering, phase, polytetrafluoroethylene,
microcrystalline graphite, carbon fiber, filler.
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NOJUTETPAYTOPITHIIEH, CKPHITOKPUCTAIUINYECKHN TpaduT, yIIIEPOJHOE BOJOKHO, HATIOJIHUTEb.
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This report presents the results of an influence study of dispersed filler in the form of
microcrystalline graphite (MG), also known as “amorphous graphite”, on the degree of ordering and
density of the amorphous phase of composite materials based on amorphous crystalline polymers.
The main provisions of the question substantiation of the ordering presence in the amorphous phase
and of the theoretical formula inference for calculating the density of amorphous crystalline
polymers are considered in [1-3]. The calculating methods the density of composite materials based
on amorphous—crystalline polymers, taking into account the radiographic parameters of the
structure and the computer programs description for calculating the densities are given in works [1,
4-5].

The theoretical calculation of the density of the polymer—-matrix (PM) in a two—phase model
of amorphous—crystalline polymers that does not take into account the presence of ordering in the
amorphous phase is based on the Formula 1:

Pm = XPcer + (L = X)Pam: (1)

where per and pam — densities of crystalline and amorphous phases, respectively, y — is the
degree of crystallinity of the polymer. The parameters knowledge of the polymer crystal cell makes
it easy to calculate the density of the crystalline phase of per [8]:

M
Per = NaVe (2

where M — is the molar mass of the polymer, No — is Avogadro’s number, Vo — the
volume of an ideal crystal cell determined by its crystal structure. In the presence of partial
ordering, the pam density of the polymer amorphous phase is represented as [2—3]:

Pam = @Pam1 + (1 — @) pama, (3)

where pami — the conditional density of the amorphous phase ordered part with deformed
lattice, and pam> — density disordered part, which is generally not characterized by the crystal
lattice presence. The ordering degree a characterizes the ratio between the volumes of these parts in
the amorphous phase. The concepts separation of ideal and deformed crystal cells allows calculating
the density of the conditionally ordered part of pam1 by a Formula similar to (2):

M
NA'Vam,

Pam1 = 4)

where Vam — the average volume of the deformed crystalline polymer cell in the amorphous
phase ordered part. As a result, to calculate the X—ray density of the matrix of an amorphous—
crystalline polymer, taking into account the degree of ordering of the amorphous phase and the PM
crystallinity degree, the Formula is proposed:

Pm = XPer + (1 — x)pam1 + (1 — @) (1 — X)pamaz; (5)

The basis of the theoretical calculation of the Formula (5) is the presence of radiogram an
amorphous—crystalline polymer, from which the main values characterizing the structure of the PM
are determined: the parameters of the crystal cell — a, b, c; the average interlayer distance in the
amorphous phase — Cam; the deformation degree of the crystal lattice — ¢; the crystallinity degree
— . Formula (5) can be used to calculate the composites density based on amorphous—crystalline

polymers.
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The results of the influence of fibrous filler in the form of carbon fiber (CF) in the PTFE-
composite system is presented in [1]. It is shown that at increase of CF to percentage by mass the
degree of ordering of the amorphous phase of the PM of compositions decreases monotonically and
linearly.

Preliminary radiographic studies of the PTFE—composites structure with dispersed filler in the
form of MG allowed the authors of the monograph [6] to express the opinion about the existence in
this system of composites completely different supramolecular structural organizations of the PM.
With an insignificant content of MG (up to 10 percentage by mass), a structure of type I s observed
in it. At a high content (more than 15 percentage by mass) of the CF, a type II structure. In these
different structures different course of concentration dependences of crystallinity degree and
average interplane distance is observed [6].

The aim of this paper is to study the influence of dispersed filler on the degree of ordering of
the amorphous phase in PTFE—compositions with MG. The amorphous phase ordering degree of the
PM is determined by the knowledge of the values of radiographic structural parameters determined
from the conventional radiogram of composites and experimental values of the density of
composites of PTFE + MG system and the use of computer programs.

Material and methods

The objects of the research are PTFE-based composite materials with MD. Methods of
obtaining samples of pure PTFE and PTFE with fillers are described in detail in the monographs
written under the General supervision of Prof., Dr. habil. Yu. K. Mashkov [6]. The MG content of
the specimens was change to 30 percentage by mass. The values of the experimental densities of the
composites of the system of PTFE+MG was determined by the hydrostatic weighing method.
Experimental density of CF pmg=2.11 g/cm’.

The composites density of PTFE + MG system can be calculated based on the Formula:

Pc =N1Pm + 12 " Pue: (6)

where n; and n; are the weight proportion of PTFE and MG, pm and pmc — density PM of the
composite and the density of the MG, respectively. When calculating the density of the composite
pc using Formula (6) the density of the matrix pm should be calculated from Formula (5). By the
solution of the inverse problem from Formulas (2—6) the degree of ordering of a in its final form is
defined as:

a = Pami—Pam2 (7)

3
Pam—Pam2

Radiograms processing, obtained at an X-ray diffractometer in the shooting mode in high
angles (A=0.154 nm), and the calculation of the structural parameters 7y, Cam, € and the constant of
the hexagonal crystal cell of PTFE, as well as the calculation of densities of pm, pami and pamz
details are given in [4-5].

Results and discussion

The fragments of radiograms of composites PTFE + MG shown in Figure 1. The Figure
shows that with a high content of filler in the PM composite forms a separate phase of graphite.
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Figure 1. Radiogram fragments of dual polymer system PTFE + MG

The parameters characterizing the structure of the PM PTFE—composites and the calculated
densities values of all phases are presented in the Table. With the introduction of the filler, the
parameters of the crystal cell and its volume practically do not change and within the error
correspond to the values for pure PTFE (4=0.564 nm, c=1.68 nm, V=0.472 nm®). For all
compositions, the density of the crystalline phase remains almost the same and equal to pc=2.69

g/cm?’,

We compare the above observations on the structural types of PTFE + MG system composites
(types I and II) with the calculated densities of all phases and the degree of ordering of the
amorphous phase a.

Table.
X-RAY DIFFRACTION DATA AND DENSITIES
OF THE PHASES OF PTFE + MG COMPOSITES
% MG Cam, &% %  peglem’ Pamt, 9ICM®  pum, glcm®  pm, glom?® a
nm
column 1 2 3 4 5 6 7 8
0 1.58 3.66 63 2.20 2.86 1.26 2.20 0.46
3 1.57 3.99 64 2.19 2.86 1.32 2.20 0.43
7 1.58 3.66 63 2.18 2.85 1.23 2.19 0.41
10 1.59 6.00 64 2.18 2.84 1.20 2.19 0.39
15 1.56 4.29 69 2.18 2.90 0.89 2.19 0.28
20 1.58 3.66 64 2.16 2.85 0.89 2.18 0.30
30 1.53 8.93 58 2.10 2.86 0.77 2.10 0.22
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It can be seen from the Table that in the structure of PTFE + MG composites type I an
increase in the particles number of dispersed filler to 7 percentage by mass leads to a slight change
(within the limits of permissible errors for these values) the degree of deformation of the crystalline
cell € (column 2) and the value of the interlayer distance Cam (column 1), characterizing the
amorphous phase. Defined through these parameters densities of the disordered pam2 and the
conditionally ordered pami (column 5) of the parts of the amorphous phase also remain practically
same. The combined influence of these factors leads to the fact that the matrix density (column 7) of
composites remains almost unchanged in the considered concentration range of MG. With regard to
the degree of ordering o (column 8), it is slightly reduced from 0.46 to 0.41. In structural type I, the
average value of a=0.43, and the density of the PM pm=1.67 g/cm>. As shown by the studies of
various properties of these composites, in this range of concentrations of MG formed a
homogeneous spherolithic structure that provides high performance properties of polymer
composite material.

In the structure of type II composites an increase in the dispersed filler in the concentration
range of MG over 15-30 percentage by mass is accompanied by a 2-fold increase in the mean
values of €, which indicates an increase in the degree of deformation of the lattice in crystalline
formations of the amorphous phase. The proportion of the amorphous phase in the total polymer
volume (column 3) also increases. The increase in these quantities is accompanied by a decrease in
the degree of ordering and density of the amorphous phase: in structural type II, these quantities
have average values: a=0.27, pm=0.85 g/cm®. Thus, as a result of the transition of the type I
structure to the type II structure, the degree of ordering of the amorphous phase decreases by 43%,
its density — by 33%, but the total loss of its ordering does not occur. Consequently, the
deterioration of physical and antifriction characteristics, peculiar to composites with a high content
of dispersed filler, can be attributed to a greater extent by increasing the stiffness of the material
than by reducing the ordering of the amorphous phase of the PM.

A visual difference while concentration dependences of the ordering degree of dual PTFE
systems with fibrous (CF) and dispersed (MG) fillers can be shown in Figure 2. The high content of
both types of fillers leads to deterioration of physical and antifriction properties of PTFE—
composites, but for different reasons. The fibrous filler in the amorphous—crystalline polymer
contributes to the disordering and loosening of the amorphous phase of the PM of composites at
high concentrations and its transition to a state with a completely disordered amorphous phase.
Dispersed filler in the same conditions increases the stiffness of the composite material in general
and helps to reduce the degree of ordering of the amorphous phase, but it remains in a partially
ordered state.
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Figure 2. The concentration dependence of the degree of ordering of the amorphous phase of the
matrix in composites PTFE + CF (1) and PTFE + MG (2).

In conclusion, it should be noted that considering the methodological aspects of the formation
of supramolecular structures of PTFE, such an indicator as the degree of ordering of the amorphous
phase of amorphous—crystalline polymers should be added to the 6 aspects that the authors give
in [7].

Conclusions
1. The average value of the ordering degree of the amorphous phase of the matrix of pure

amorphous—crystalline PTFE can be considered equal to 0.5 with a relative error of 5%.

2. The increase in the content of dispersed filler in the form of MG leads to a slight decrease
in the degree of ordering and density of the amorphous phase of the PTFE—composite matrix in both
structural organizations of the PM, but in comparison with each other, the average values of the
degree of ordering in structural type I are 30% higher than in structural type II.

3. Complete loss of amorphous phase ordering in compositions with a high content of
dispersed filler is not observed.

4. The presence of the degree of ordering of the amorphous phase can be considered as one of
the mechanisms of formation of supramolecular structural organization of composite materials
based on amorphous—crystalline polymers.

I express my special gratitude and appreciation to Ph.D. V. A. Egorova, that provided
experimental densities of PTFE + MG system composites.
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B nmanHOM COOOUICHWH TPUBOIATCS pPE3ylbTaThl HCCIENOBAaHMUS BIUSHHUA AUCIEPCHOTO
HATOJIHUTENA B BUAE CKpbITOKpucTaumdeckoro rpagura (CKI) Ha cTemeHb ymopsaodeHus U
IUIOTHOCTh ~ aMOpGHOW (a3l  KOMIIO3MIMOHHBIX  MaTepHaloB HAa OCHOBE  aMOp(HO—
KpUCTANINYECKUX MoauMepoB. OCHOBHBIE IOJIOKEHHSI OOOCHOBaHMS BOIpPOCAa O HAIWYUU
yrnopsiioueHust B aMop¢HOW (a3e U BbIBOJA TEOPETUUECKOH (opMysbl pacueTa IUIOTHOCTH
aMOp(HO—KPUCTAUIMYECKUX TOJIUMEPOB paccMoTpeHbl B paborax [1-3]. Meromuka pacuera
IUIOTHOCTH KOMITO3UIIMOHHBIX MaTepUalloB HA OCHOBE aMOP()HO—KPUCTAIUINYECKUX ITOJIMMEPOB C
YY4ETOM PEHTTeHOrpaMuecKux MapamMeTpoB CTPYKTYpPbl U ONUCAHHE KOMIIBIOTEPHBIX IPOTrpaMM
pacyera IIOTHOCTEH npuBeieHbl B padoTax [1, 4, 5].

Teopernueckuil pacueT TUIOTHOCTH TOJMMEPHOW MATPHUIBI Py B JBYX(}a3HOU Moaenu
aMOP(PHO—KPUCTAJUINYECKUX IOJIMMEPOB, HE YUUTHIBAIOIIEH HAIMYUS YIOPAJOYEHUS B aMOP(PHOMH
(daze, ocHOBaH Ha GopmyJIe:

Pu = XPxp + (1 - X)paM ) (1)

TI€ Pxp U Pav — IUIOTHOCTH KpPUCTANIMYECKOW U aMopgHON (a3 COOTBETCTBEHHO, ) —
CTENEHb KPUCTAINIMYHOCTH IOJIMMEpa. 3HAHHE MapaMeTpPOB KPUCTAUIMYECKON A4YEHKU mojaumepa
MIO3BOJISICT JIETKO PACCYMTATh 3HAYCHUE TUIOTHOCTH KPUCTAIUIMYCCKOU (as3bl pyp [8]:

M
Pxo = v @)

rie M — monspHast Macca nonuMepa, Na — 4ducino ABoraapo, Vip — 00beM HIealbHOM
KPUCTAJLIMYECKOM  SYEMKH, oOmnpeneinsieMbli ee cuHronued. Ilpm Hammuum  wacmuunozo
YROPSI0OYeHUsl TUIOTHOCTD Pav aMOPQHOI (ha3sl oTMMepa IpeacTaBiIseTcs Kak [2, 3]:

Pam = APau1 + (1 - a)paMZ 1 (3)
TJ€ Paui — YCJIOBHAs IUIOTHOCTH YHOPAOOYeHHOU dYacTh aMopgHOil (a3el, HMeromen
oehopmuposannylo KpUCTAIMUECKYIO PELIETKY, U Payz — IUIOTHOCTb HEYNnOps0O0YeHHOU YacTH,

KOTOpasi BOOOIIIE HE XapaKTePU3yeTCs HAIMIHUEM KPUCTALUTUHYCCKON pemreTkd. [Ipyu 3ToM CTeTeHb
YIOPSIIOUEHHUS 0 XapaKTepu3yeT COOTHOIIEHUE MEXIy oObeMaMu STUX yacTeil B amopdHoit dase.
Paznenenne mnoHATUN udeanvHou WM Oedopmupo8aHHoU KPUCTAIIMYECKHX SYEeK I03BOJISET
MIPOBOJUTH PACUET TUIOTHOCTH YCIOBHO YIOPSAOYCHHOM YACTH Pami O (HOpPMYIIe, aHaTOTUYHOM (2):

M
Pam1 = NA'VaM’ (4)
e Vaw — CPENHECTAaTHUCTHYECKUU O0BEM OedhopmuposanHoli KPUCTATUIMUECKON SUYSHKH

nojimMepa B ynopsaodoueHnnoti 4actu aMopdHoi ¢(as3el. B wurore s pacuera peHTI€HOBCKOU
IUIOTHOCTH MaTpUIlbl aMOP(HO—KPHCTAUINYECKOTO MOJUMepa C YYETOM CTENEeHU YIOPSI0YeHUs
amMopdHOH (a3bl ¥ CTENEHN KPUCTANTMYHOCTH MOJIMMEPHOIN MaTpuIlbl peaaraetcs Gopmyna:

Pu = XPxp + a(l - X)paMl + (1 - (,Z)(l - X)paMZ' (5)

OcHoBOI Teopernueckoro pacuera (opmynsl (5) SBIASETCS HAIWYHE PEHTTCHOTPAMMBI
aMOp(HO—KPUCTANINYECKOTO TOJIMMepa, U3 KOTOPOHM OINpEenessioTCs OCHOBHBIE BEJIWYUHBI,
XapaKTEPU3YIOLUE CTPYKTYPY HOJIMMEPHON MaTpULbL: TapaMETPbl KPUCTAIIINYECKON UEKu — a,
b, c¢; cpemHee MexcioeBoe paccTosHue B amopdHoil (aze — Cay; cTemeHb AedopMaruu
KPUCTAJNTNYECKON PELIETKU — €; CTENEHb KPUCTATUYHOCTH — . DopMyiy (5) MOXKHO PUMEHSTh
U JJIs pacyeTa IJIOTHOCTH KOMIIO3UTOB Ha OCHOBE aMOP(PHO—KPUCTAIIINYECKUX [TOJIUMEPOB.
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Pe3ynprarel BIUsSHUSA BOJIOKHHCTOIO HAIlOJHUTENS B BMJE YIIEPOAHOro BojokHa (YB) B
cucreme komno3utos IITOD npencrasnens B padote [1]. [lokazano, yro npu Bo3pactanuu YB 1o
30 macc. % creneHb ynopsamodeHus amopdHO (a3pl MOITUMEPHON MATPHUIBI KOMIIO3ULIUN
MOHOTOHHO JINHEWHO YMEHBIIIAETCS.

[IpenBapuTenbHble peHTTEHOTpapUUECKUe HCCIECI0BaHUS CTPYKTYphl KOMIO3UTOB IITDD ¢
JVMCTIEPCHBIM HAIMOJMHHUTENEM B BHUAE CKpbIToKpucTammuueckoro rpadura (CKI') mozBommmm
aBTOpaM MoHorpadguu [6] BbICKa3aTh MHEHHE O CYIIECTBOBAaHMHM B ITOH CHUCTEME KOMIIO3HTOB
COBEPILIEHHO Pa3HbIX HAJAMOJEKYISPHBIX CTPYKTYPHBIX OpPraHM3alui MoJMMepHor Marpuisl. [Ipu
HezHauutenbHoM cozaepkanun CKIT (mo 10 macc. %) B Held HaOmromaercs CTpykTypa Tuma | u
BbICOKOM (Oobiie 15 macc. %) coaepikaHuu yriaepoaHOro BoJIOKHa — cTpykTypa tumna II. B stux
pasHbIX CTPYKTypax HaOMIOqaeTcsl pa3Hbli XOJ KOHIIEHTPALMOHHBIX 3aBUCHMOCTEH CTeneHu
KPUCTAIIMYHOCTH U CPEAHETO MEXKILIOCKOCTHOTO pacCTOSIHUA [6].

Llenvro HacTosIIEH pPabOTHI SBIAETCS W3YyUEHHE BIMSHUS TUCIIEPCHOTO HAMOMHHUTEIS Ha
CTeTeHb ymnopsigoueHus amopduor (a3pl B koMmo3uiusax [ITDPD co CKPHITOKPUCTAULIUICCKUM
rpadurom (CKT'). Crenenp ynopsimouenust amophHo# ¢a3bl MOJIMMEpPHONH MaTPHUIbl OMpPEAeNsieTcs
3HaHHUEM 3HAYCHHUH PEHTreHOrpaduYecKuX CTPYKTYPHBIX MapaMeTpOB, ONMPEALIIEMbIX U3 OOBIYHON
PEHTIeHOrpaMMBbl KOMITO3UTOB, SKCIIEPUMEHTAIIbHBIX 3HAYEHUM IIOTHOCTEN KOMIIO3UTOB CUCTEMBbI
[ITOD+CKI 1 ucnonb3oBaHUEM KOMITBIOTEPHBIX MPOTPAMM.

Mamepuan u memoouxu
OObeKkTaMu HMCCIIEIOBAHUS SIBJISIOTCS KOMIIO3UIIMOHHBIE MaTtepuasibl Ha ocHoBe [ITDD co

CKPBITOKpUCTALTNYECKUM TpaduToM. MeToauku nonyderus: oopaszioB yuctoro [ITOD u IITDI ¢
HAMOJHUTENSAMU MOAPOOHO OMHCaHBl B MOHOTpadUsIX, HAMHUCAHHBIX MOA OOIIMM PYKOBOACTBOM
npodeccopa, 1—pa TexH. Hayk, FO. K. Mamkosa [6]. Cogepxanue CKI' B 06pa3iiax U3MeHsIIoCh 10
30 macc. %. 3HaueHUs HSKCHEPUMEHTAIBHBIX IUIOTHOCTEM KOMIO3UTOB cHUCTeMbl [ITOI3+CKI
OTPENEICHbl METOAOM THAPOCTATUYECKOTO B3BEIIMBAHUS. OKCIEPUMEHTAIbHAs IIJIOTHOCTH
YIIEpOIHOr0 BOJNOKHA pekr = 2,11 r/em’.

[TnotHOCTH KOMITO3UTOB crcTeMbl [ITO3+CKI" MOXXHO BBIUMCIUTH HA OCHOBE (hOPMYIIBI:

Pk = NPy + N2 * Pekrs (6)

rae n; 1 n2 — BecoBble foiu [ITDD u CKI, py ¥ pogr — MIOTHOCTH MOAUMEPHONW MaTpPHUILIbI
komrtozuta U MmIoTHOCTh CKI' coorBercTBeHHO. [IpW BBIYMCICHWH TUIOTHOCTH KOMITO3UTA P IO
dbopmyne (6) MIOTHOCTH MATPUIIBI P, CIEAYET BBIYHCIATH Mo Gopmyne (5). Pemenuem obparHoit
3amaun u3 Gopmyi (2—6) cTeneHb yrnopsA0UeHHs 0. B OKOHYATEIIbHOM BHU/IE OTIPEIEISIETCS KaK:

a= Pam1~Pam2 (7)
Pam—Pam2

O0pa0oTKka peHTreHOrpaMM, MOJYYEHHBIX Ha PEHTI'€HOBCKOM IU(PPAKTOMETpE B pEXHUME
cbeMkd B Oonpmmx yrax (A = 0.154 HM), U pacyer CTpyKTypHbIX mapaMeTpoB Y, Caw, € H
MOCTOSIHHBIX M'€KCAarOHAJIbHOW KpHcTauimdyecko sueiiku [ITDD, a Takke pacder MIOTHOCTEU P,
Paul U Pav2 MOAPOOHO mpuBoOaATcs B paborax Kammcrpartosoii JI. @., Eroposoii B. A. (2017),
Kupeesa A. I1., Kanucrtparosoii JI. ®@. (2017) [4, 5].

Pesynomamet u ux obcysxcoenue
@parmeHnTsl peHTreHorpamm komnos3utoB IIT®O+CKI' mpencrasnensl Ha Pucynke 1. U3

PUCYHKA BUAHO, YTO IIpHU 0O0JIBIIIOM COACPKAHUHW HAIIOJIHUTCIIb B HOHHMepHOﬁ MaTpuiec KOMIIO3HUTa
(dhopMHpyeT CBOIO OTACNIBbHYIO a3y rpadura.
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Pucynok 1. @parmMeHTsl peHTreHOrpaMM IBOMHON noiauMmepHon cuctemsl [ITO+CKI'.

[TapameTpsl, XapakTepu3yollue CTPYKTYpy MOIMMEpPHOM Marpuibl komnozuuuid [ITDI, u
pacueTHble 3HaueHus IUIOTHOcTed Bcex (a3 mpencraBieHsl B TaOmuue. Ilpu BBeaeHuu
HAIOJIHUTENS MapaMeTpbl KPUCTAJUIMYECKON SYeHKH U ee 00beM MPaKTHUECKU HEe U3MEHSIOTCS U B
MpeJienax MOTrPelHOCTH COOTBETCTBYIOT 3HaueHUsM aisi yuctoro [IT®D (a = 0,564 um, ¢ = 1,68
oM, Vip = 0,472 um’). s BceX KOMIO3ULMI IIOTHOCTh KPUCTAIIMYecKoi (asbl ocTaercs
IPaKTHYECKU OJMHAKOBOMN U PaBHOM pip = 2,69 r/em’.

ConocTaBuM NPHUBENEHHBIE BBIIIE 3aMEYaHUSI O CTPYKTYPHBIX THIAaX KOMIIO3UTOB CHCTEMBI
[T®3+CKI (tumsl I u II) ¢ pacyeTHBIMU IMJIOTHOCTAMM BceX (a3 U CTENEHbIO YIMOPSAI0YEHUS
amopdHOI (assl a.

N3 Tabmuupl BugHO, uTOo B cTpykType Komno3uTtoB IIT®O+CKI' tuna 1 yBenuuenue
KOJIMYECTBA YaCTUI[ AMCIEPCHOTO HAMOJHUTENA A0 7 Macc. % MNPUBOAUT K HE3HAYUTEIBHOMY
M3MEHEHHUIO (B Ipezenax AOMYCTHUMBIX Ul 3THX BEJIMYMH MOTPEUIHOCTEH), cTeneHu JedopMannun
KPUCTAITUYECKON sYeiKu € (cTonmber 2) ¥ 3HaueHUI0 MeXKcloeBoro pacctosHus Cay (cTomber 1),
xapakrepusyromux amopduyo ¢aszy. Ormpenensemple Yepe3 O3TH HapaMeTpbl IUIOTHOCTHU
HEYMOPSAI0YEHHOHN Pav2 M YCITIOBHO YIOPSIOYEHHOM pavi (cTONOEIT 5) "acTeit amopdHON (a3bl Takke
OCTAIOTCS MPAKTHYECKU ONMHAKOBBIMU. COBOKYITHOE BIMSHHUE YKa3aHHBIX (PaKTOPOB MPHUBOAUT K
TOMY, YTO B paccMarpuBaeMoM jauana3one koHueHtpanuii CKI' mimotHocTs Marpuibl (ctonber 7)
KOMITO3UTOB OCTAaeTcsl TakXKe IMpaKkTUYeCKH He u3MeHsmomeiics. Yro Kacaercss creneHu
yrnopsiaoueHus o (ctonder §), TO oHa He3HAUUTENIbHO cHUXkaercs ot 0,46 1o 0,41. B ctpykTtypHOM
tune 1 cpennss Benuuuna o = 0,43, a MIOTHOCTH HOJMMEPHON MaTpuubl py = 1, 67 r/cm’. Kak
MIOKa3aJl MCCIENO0BAaHUS DPA3JIMUYHBIX CBOMCTB YKa3aHHBIX KOMIIO3UTOB, B JAaHHOM JMaIa3oHe
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xonueHtpamuii CKI' ¢dopmupyercst omgHoponmHas cheponuTHas CTPyKTypa, OOecredrBaromas
BBICOKHME KCIUTYaTal[HOHHBIE CBOMCTBA MOJIMMEPHBIX KOMIIO3UIIMOHHBIX MaTepHasoB.

Tabnuna.
PEHTI'EHOI'PAOUYECKUE JJAHHBIE U INIOTHOCTU ®A3 KOMITO3UTOB IITO3+CKI®
% CKI Can, g, e P, Paml, Pam, Pus o
HM % % r/cm® r/cm® r/cm® r/cm®

cmonbey 1 2 3 4 5 6 7 8
0 1,58 3,66 63 2,20 2,86 1,26 2,20 0,46
3 1,57 3,99 64 2,19 2,86 1,32 2,20 0,43
7 1,58 3,66 63 2,18 2,85 1,23 2,19 0,41
10 1,59 6,00 64 2,18 2,84 1,20 2,19 0,39
15 1,56 4,29 69 2,18 2,90 0,89 2,19 0,28
20 1,58 3,66 64 2,16 2,85 0,89 2,18 0,30
30 1,53 8,93 58 2,10 2,86 0,77 2,10 0,22

B crpykrype xommnosutoB Ttuna II yBennueHHe AMCHEPCHOrO HANOJHUTENS B JUana3oHe
koHueHTpauit CKI' cBbime 15-30 macc. % compoBoxkaaeTcsi yBeJIMYEHUEM B 2 pa3a CpeaHHUX
3HAYEHUH BEJIMYMHBI €, UYTO TOBOPUT OO0 YBEIWYCHHH CTENeHW JaedopManuu peuieTkd B
KPUCTAJUIMYECKUX 00pa3oBaHUsIX aMOp(hHOM (a3bl. YBeTMUMBACTCS TaKkKe 1051 aMmopdHO (a3bl B
obmem oOvemMe mnonumepa (cromber; 3). Bo3pactanue O3THX BENIMYUH  COMPOBOXKIACTCS
YMEHBIIIEHUEM CTETNICHH YIOPSI0UEHUs U TUIOTHOCTU aMOp(HOU (a3bl: B cTpykTypHOM Tutne Il atu
BEJIMYMHBI UMEIOT cpenHue 3HadeHus: o = 0,27, py = 0,85 r/cm®. Takum 00pasoM, B pe3yibTare
nepexofa CTpykrypel THma | B crpykrypy tuma Il cremenp ymopsimodeHus: amopdHOU ¢asbl
ymenblaetcs Ha 43%, ee moTHOCTh — Ha 33%, HO TIPH 3TOM TOJTHOM MOTEPH €€ YIOPSA0UCHHS HE
npoucxoquT. CrenoBarenbHO, yXyAlleHHE (U3MYECKUX U aHTU(OPUKIUMOHHBIX XapaKTEPHUCTHUK,
CBOMCTBEHHOE KOMITO3UTaM C OOJBIIKUM COJIEPKaHUEM JUCTIEPCHOTO HAMOTHUTEINS, MOKHO OTHECTH
B OOJIBIIICH Mepe 3a CYET YBEIMYCHUS )KECTKOCTH MaTepHralia, YeM 3a CUET CHIDKEHHSI YIIOPSI0YCHHUS
amopdHOIt a3kl MOTUMEPHOM MATPHIIBI.

HarsinHoe omimyne B XO4€ KOHLEHTPALMOHHBIX 3aBUCHUMOCTEH CTENEHU YIOPAIO0YEHHS
nBoiiHbix cucteM [IT®D ¢ BomokuucteiM (YB) u mucnepcusiM (CKI') HamomHUTENIMU MOXHO
nokasaHo Ha Pucynke 2. Bricokoe copepkaHue 000OMX THIIOB HAaNOJHUTENEH NPUBOAMT K
YXYALIEHUI0 (U3NYECKUX U AHTU(PPUKLIMOHHBIX CBOMCTB KoMIo3uToB IIT®D, HO mo pa3HBIM
npuurHaM. BOJIOKHUCTBIA HanmoOJHUTENb B aMOP()PHO—KPUCTAIUIMUECKOM IOJIMMEPE CIOCOOCTBYET
IIPU BBICOKMX KOHIEHTpALMAX Pa3yNoOpsI0YCHUIO U pa3pbIXJIeHUI0 aMop(hHOM (a3bl MOITUMEPHOH
MaTpHIlbl KOMIIO3UTOB U €€ TEepEeXOAy B COCTOSHHUE C IMOJIHOCTBIO HEYHNOPSAOUEHHON amopQHOH
¢dazoit. JlucriepcHbI HAIMOJIHUTENb B 3TUX )K€ YCJIOBUAX YBEIMUYMBAET B IEJIOM >KECTKOCTh
Marepuana KOMIIO3UTa U CIHOCOOCTBYET CHMIKEHMIO CTENEHH ymopsiaoueHus amoppHoil (asbl, HO
IIPY OTOM OHA OCTAETCSl B YACTUYHO YIOPSIOYEHHOM COCTOSTHUMU.
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Pucynok 2. KoHneHTpanoHHas 3aBHCUMOCTD CTETIEHH YIOpSAAOYeHHS aMOppHON (ha3sl MaTpHIEl B
koMmmo3utax [ITO3+YB (1) u IITO3+CKI (2)

B 3akiroueHue cieayeT OTMETHTh, YTO paccMarpuBasi METONOJOTHMYECKHE aCMEKThI
dbopMUpOBaHUS HAAMOJCKYISAPHBIX CTpyKTyp IIT®D, Takoil moka3areiab, Kak CTEICHb
ynopsiioueHus aMmopduoi a3l aMoOpHHO—KPUCTATUIMYECKUX MTOTUMEPOB, CIIEAyeT J00aBUThH K TEM
6-TU acmeKkTam, KOTOpbIE aBTOPbI MPUBOIAT B padbote [7].

Bu1600wbi

1. CpenHee 3HaYeHHE CTETIEHU YIOpsa0odeHHs aMop(dHO# (a3l MaTpHIIbl YUCTOrO aMOphHO—
kpuctammyeckoro [ITOD moxHO cuntarh paBHbIM 0,5 ¢ OTHOCUTENBHOM MOTPEMIHOCTHIO 5%.

2. YBenuueHnue copepxkaHus aucrepcHoro HamnonHutens B Bujge CKI' mpuBogutr k
HE3HAYUTEIbHOMY YMEHBIICHHUIO CTEIIEHU YIOPSAIOYEHHUS U MJIOTHOCTH aMOp(HOMN (a3bl MaTpHIIbI
koMo3UTOB [IT®D B 000MX CTPYKTYpHBIX OPraHU3aLUAX MMOJMMEPHONW MaTpUIlbl, HO B CPaBHEHUU
MEXJy COO0H cpeHHMe 3HAYEeHUsl CTENEeHU YHOpPsIO0YeHHs B CTpyKTypHoM Ture I Bwimie Ha 30%,
4eM B CTPYKTypHOM TuIie II.

3. [lonHoii noTepu ynopsnoueHus: amophHoi pa3bl B KOMIIO3UIUAX C BBICOKUM COJEPKAaHUEM
JHMCIIEPCHOTO HAMOJIHUTENS He HaOmogaercs.

4. Hannuue creneHy ynopsiodeHus aMophHoi (a3l MOXKHO CUUTATh OJHUM U3 MEXaHU3MOB
(dbopMupOBaHUsl HAJAMOJIEKYJISIPHONH CTPYKTYPHOM OpraHM3alMi KOMITO3WIIMOHHBIX MaTepualioB Ha
OCHOBE aMOpP(HO—KPUCTAJUINYECKUX OTUMEPOB.

Aemop evipadicaem 0cobyl0 61a200apHOCMb U NPUSHAMENTbHOCMb KAHO. mexH. Hayk B. A.
Eeoposoii  3a npedocmaenenue dKcnepuMenmanvHublX NJIOMHOCMEl KOMRO3UMOG CUCHEMbl
HTOO+CKIT
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