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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.

Aunomayus.  PaccmarpuBaeTcsi — BIUSHUE — JUCHEPCHOTO  HANONHUTENsS B BUJE
ckpbITokprucTamuyeckoro rpagura (CKI) Ha ¢opMmupoBaHMe HaIMOJIEKYISIPHOW CTPYKTYPBI
aMOP(PHO—KPUCTAIUIMYECKUX TOJIMMEPHBIX MarepuanoB JBoiHOH cucremsl [ITDD + CKI' myrem
COIIOCTABJICHUSI TEOPETUYECKU PACCUMTAHHBIX M OKCIEPUMEHTAIbHBIX 3HAYEHWH IUIOTHOCTEN
KOMIIO3UTOB. TeopeTndeckas MOJIEIb pacyeTa INIOTHOCTH YYHUTHIBAET CTENEHb KPUCTAJUINYHOCTH U
CTeleHb yrnopsaoueHus nonuMepHoil marpuusl (IIM), a Taxxe nedopmanuio KpUCTAIUINYECKOM
sayeiiku B amopdHoii (paze. CTeneHp ynopsa0deHus U IIOTHOCTh aMmopdHO# ¢a3el [IM Kommno3uTos
[IT®D BenyT cels cI0KHBIM 00pa30M MPHU BO3PACTAHUHU COJEPKAHUS JUCIIEPCHOTO HAIOJHUTENS U
MO-JIPyroMy, 4Y€M C BOJOKHUCTHIM HAINOJHUTEIEM B BHAE yriepogHoro BosiokHa (YB).
Uccnenosanusmu aBoWHBIX cucteM IITOD + CKI' u IITOD + VB noka3zaHo, 4To HaJIu4dHue
yrnopsaoueHuss amopdHoil (a3sl MOXKHO cuMTaThb OOHMM U3 (HaKTOpoB (HOPMHUPOBAHUS
HA/JIMOJIEKY/IAIPHOM ~ CTPYKTYpbl ~ KOMIIO3MLIMOHHBIX  MarepuajoB Ha OCHOBE aMOp(pHO—
KPUCTAIINYECKHUX TOJIMMEPOB.

Keywords:  model, density, structure, ordering, phase, polytetrafluoroethylene,
microcrystalline graphite, carbon fiber, filler.

Knrouesvie cnosa: MOJIENb, IJIOTHOCTB, CTPYKTYpa, YHOpSAIOYEHHUE, daza,
NOJUTETPAYTOPITHIIEH, CKPHITOKPUCTAIUINYECKHNA TpaduT, yIIIepOJHOE BOJIOKHO, HATIOJIHUTENb.
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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 p. and p,m — 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 p.; [8]:

M
Per = NaVe 2

where M — is the molar mass of the polymer, Ny — is Avogadro’s number, V. — 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 p.m1 — 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 V,,, — 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 — Y)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 — C,,; 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 pyg=2.11 g/em’.

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

Pc =N1Pm + N2 " Pye: (6)

where n; and n, are the weight proportion of PTFE and MG, pm and pyg — 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 py 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= Pam1—Pam2 (7)

y
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 y, C,m, € 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, ¢=1.68 nm, V.=0.472 nm’). For all
compositions, the density of the crystalline phase remains almost the same and equal to p,=2.69

g/em’,

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 Cow &% 3%  peglem’® Pams GICM® pa, glcm®  pn, glem® a
HM
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 C,, (column 1), characterizing the
amorphous phase. Defined through these parameters densities of the disordered p,m» and the
conditionally ordered pam (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 p,=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, p,=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 nanHOM COOOLIEHMHM TPUBOMAATCS PE3yAbTAThl HCCIEAOBAHHMS  BIUSHHUS IHCIIEPCHOTO
HATOJIHUTENS B BUJAE CKpbITOKpucTaummdyeckoro rpagura (CKI') Ha cTemeHb ymopsao4yeHus MU
IJIOTHOCTH aMOp(HOM (a3bl KOMIO3UIIMOHHBIX MAaTEpUAIOB HA OCHOBE aMOP(HO-KPUCTATUIMYECKUX
nosiuMepoB. OCHOBHBIE MOJIOXKEHUSI 000CHOBAHUS BOIIPOCA O HAJIMYUU YHOPSAOUYCHHS B aMOp(HOI
daze u BBIBOJA TEOPETHUECKOW (HOPMYNBI pacyeTra IUIOTHOCTH aMOP(HHO-KPUCTAIUIMYECKHX
MOJUMEPOB paccMOTpeHbl B paborax [1-3]. Meroauka pacdera IUIOTHOCTH KOMITO3HIIMOHHBIX
MaTepUajoB Ha OCHOBE aMOP(HO-KPUCTAJUIMUECKUX MOJIMMEPOB C YUETOM PEHTTEeHOrpapuuecKux
MapaMeTpoB CTPYKTYPhl U ONHCAaHUE KOMIIBIOTEPHBIX MPOrpaMM pacdera IUNIOTHOCTEH MpPUBEICHbBI
B pabotax [1, 4, 5].

Teopernueckuil pacueT TUIOTHOCTH TOJMMEPHOW MATpHUIBI P, B JByX(}asHOU Mojmenu
aMop(HO-KPUCTAUTNYECKUX MOJIMMEPOB, HE YUUTHIBAIOLIEH HAIUYUS YIOPSAOYeHUs] B aMOp(hHOI
(daze, ocHOBaH Ha GopmyJIe:

Pu = XPxp + (1 _X)paM > (1)

TI€ Pup U Paw — IUIOTHOCTU KPHCTAUIMYECKOH M amMoOp(pHOU (a3 COOTBETCTBEHHO, ¥ —
CTENeHb KPUCTAJUIMYHOCTH NOJMMEpa. 3HAHHE NapaMeTpoB KPHCTANIMYECKOHN s4YeKH moaumepa
MO3BOJISCT JIETKO PACCUNUTATH 3HAYCHNE INIOTHOCTU KPUCTAIINUECKON (asbl pyp [8]:

D = — )

NaVip

rie M — mouspHas Macca nonumepa, Na — 4ucio Aporapo, Vi, — 00bEM HeanbHON
KPUCTAINIMYECKON  sYeiKu, ompenensieMblid ee cuHronwei. Ilpu Hamuuum uyacmuunozo
VNOpsi0oUueHUsl TIIOTHOCTD Pay aMOPGHON (a3bl moauMepa npeacTapisercs Kak [2, 3]:

Pam = APan1 + (1_ OL)paMZ > (3)
TJ€ Paui — YCJIOBHAs IUIOTHOCTh YHOPAOOYeHHOU dYacTH aMopgHOl da3el, uMeromen
oehopmupoeannylo KpUCTAUIMUYECKYIO PEIIETKY, U Payz — IUIOTHOCTb HEYNnOps0O0YeHHOU YacTH,

KOTOpas BOOOIle HE XapaKTepu3yeTcs HAIMYHMeM KPUCTATMYEeCKOW pemieTku. [Ipu sToM cTemneHb
YIIOPSIIOUEHHUS 0 XapaKTepu3yeT COOTHOIIEHUE MEXIy oObeMaMH STUX yacTeil B amopdHoi dase.
Paznenenue moHATUN uldeanvhou W OepopmMuposanHOU KPUCTATUYECKUX SUYEEK I103BOJISET
MIPOBOJUTH PACUET TUIOTHOCTHU YCIOBHO YIOPSAOYCHHOM YACTH Py O (HOpMYIie, aHaToTUIHOM (2):

M
= — 4

Pam1 Na-Vay s ( )

rie Vay — CpEIHECTaTUCTHYECKUi 00BbeM oOedopmuposanHol KpUCTAIMUECKON SYEHKH

nojMMepa B ynopsoouenHou YacTh amopdHoi ¢aszpl. B urore ams pacuera peHTTEHOBCKOU
IUIOTHOCTH MaTpHIbl aMOpPGHO-KPUCTAJUIMYECKOTO TMOJIMMEpPa C YYETOM CTENEHH YIOpPSI0uYeHUs
amop¢HOI1 Pa3bl U CTENEHU KPUCTAIUTMYHOCTH OJIMMEPHOM MaTpullbl peanaraercs Gopmysa:

Pm = XPxp + O((l - X)paml + (1 - 0()(1 - X)paMZ . (5)

OcHoBOI1 TeopeTruueckoro pacuera (opmymnsl (5) SBIsSETCS HAIMYKAE PEHTTCHOTPAMMBI
aMOp(PHO-KPUCTALTUYECKOTO TOJIUMEPA, W3 KOTOPOH OMPENESIOTCS OCHOBHBIE BEJTUYHHBI,
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XapaKTEPU3YIOIIHUE CTPYKTYPY IMOTMMEPHON MATPULIBL: ITAPAMETPHI KPUCTAIUIMUECKON SYEUKU — a,
b, c¢; cpemnee MexcinoeBoe pacctosHue B amopduoit daze — C,y;CcTeneHb aedopmanuu
KPUCTAJUTNYECKON PEUIETKU — €; CTENEHb KPUCTALTUYHOCTH — . DopMyiy (5) MOXKHO MPUMEHSITh
U JJIs pacyeTa IJIOTHOCTH KOMIIO3UTOB Ha OCHOBE aMOP(PHO-KPUCTAIITUYECKUX TTOJIMMEPOB.

Pe3ynprarel BIMSHUSA BOJIOKHHCTOIO HAIlOJHUTENS B BMJE YIIEpOAHOro BojokHa (YB) B
cucreme komrno3utos IITOD mpencrasnens B padote [1]. [Tokazano, yro npu Bo3zpactanuu YB 1o
30 macc. % creneHb ymnopsanodeHuss amopdHO (a3pl MOIUMEPHONH MAaTPHUIBl KOMITO3ULIUI
MOHOTOHHO JINHEWHO YMEHBIIIAETCS.

[IpenBapuTenbHble pEHTTEHOTpaQUUECKUE HCCIEI0BAHUS CTPYKTYphl KOMIO3UTOB IITDD ¢
JHMCTIEPCHBIM HAIMOMHHUTENEM B BHUAE CKpbITOKpucTammuueckoro rpadura (CKI) mozBomumm
aBTOpaM MoHoOrpadguu [6] BbICKa3aTb MHEHHE O CYIIECTBOBAaHHMH B ATOM CHUCTEME KOMIIO3UTOB
COBEPILIEHHO Pa3HbIX HAJAMOJEKYISPHBIX CTPYKTYPHBIX OpraHu3aluil MoJMMepHor Marpuisl. [Ipu
HezHauutenbHoM coxaepkanun CKIT (mo 10 macc. %) B Held HaOmromaercs CTpykTypa Tuma | u
BbICOKOM (Oombie 15 mace. %) coaepikaHuu yriaepoaHOro BoJIOKHa — cTpykTypa tumna Il B stux
pasHbIX CTPYKTypax HaOMIOgaeTcsl pa3Hbl XOJ KOHIIEHTPAIIMOHHBIX 3aBUCHMOCTEH CTereHu
KPUCTAIIMYHOCTH U CPEAHETO MEXKILIOCKOCTHOTO pacCTOSIHUA [6].

L]envto HacToOsiield pabOTHI SBISETCS HM3yYCHHE BIUSHUS JUCIEPCHOTO HATOJIHHUTENS Ha
CTCNEeHb ymopsiaoueHus amopduoii ¢a3el B koMmo3uiusax [ITDPD co CKPHITOKPUCTALITUICCKUM
rpadutom (CKT'). Crenens ynopsimoueHus: aMmop(HOi (has3bl MOJTUMEPHONH MATPHULIBI OTIPENEIISIETCS
3HAHHUEM 3HAYCHHUI PEHTreHOTrpaduYecKuX CTPYKTYPHBIX MapaMeTpOB, ONPEACIIeMbIX U3 OOBIYHON
PEHTIeHOrpaMMBbl KOMIIO3UTOB, SKCIIEPUMEHTAJIbHBIX 3HAYEHHUM IJIOTHOCTEN KOMIIO3UTOB CUCTEMBI
[ITOD+CKI 1 ucnonb3oBaHUEM KOMITHIOTEPHBIX MPOTPAMM.

Mamepuan u memoouxu

OObexkTaMu MCCIEeI0BaHUS SIBISIOTCS KOMIIO3UIIMOHHBIE Marepuanbl Ha ocHoBe IITDD co
CKPBITOKPUCTALTUYECKUM TpaduToM. MeToauku nosydenus: oopaszioB uuctoro [ITOD u [ITDI ¢
HalOJIHUTENAMU  [OAPOOHO ONMCAaHbI B MOHOIpadusX, HAMCAHHBIX MOJA OOLIMM PYKOBOJICTBOM
npodeccopa, a. T. H., Mamkosa 1O. K. [6 u np.]. Conepxxanue CKI' B oOpa3uiax uzmMeHssoch 10 30
Macc. %. 3HaYEHUsA DKCHEPUMEHTAJIBHBIX TUIOTHOCTEH KOMMO3uTOB cucteMbl [ITOD+CKI
OTpe/ieNieHbl METOJAOM THJPOCTAaTUUYECKOTO B3BEUIMBAHHUS. OKCIHEpUMEHTalbHas IUIOTHOCTh
YIJIEPOAHOTO BOJIOKHA pPckr = 2,11 r/em’.

[TnotHOoCTH KOMITO3UTOB cucTeMbl [ITOD+CKI' MOXXHO BBIUMCINTE HA OCHOBE (hOPMYIIBI:

Px = Nq1Py + N2 * Pckrs (6)

rae n; u ny — BecoBble Aoau [IT®D u CKI,, py ¥ pckr — MIOTHOCTU MOJIUMEPHOU MaTPULIBI
komrtozuta M mioTHOCTh CKI' coorBercTBeHHO. [lpW BBIYMCICHHH TUIOTHOCTH KOMITO3UTA Py IO
dbopmyne (6) MIOTHOCTH MATPUIIBI P, CIEAYET BBIYUCIATH Mo Gopmyne (5). Pemenuem obparHoit
3amauu u3 hopmyn (2—6) creneHs ynopsaaoueHus o B OKOHYATEIHbHOM BUIE OMpPEeNsaeTcs Kak:
— Pam1”Pamz (7)

a
Pam—Pam2

OO6paboTka peHTreHorpamm, MOJIYYEHHBIX Ha PEHTTEHOBCKOM AM(PPAKTOMETPE B pPEKUME
cbeMKkd B Oonmpmmmx yrax (A = 0.154 HM), U pacyer CTpyKTypHbIX mapaMeTpoB Y, Cuy, € U
IIOCTOSIHHBIX I'€KCaroHaJbHOW KpHucTaumueckoi suelku IITMDD, a Takxke pacder IIIOTHOCTER Py,
Pami U Pay2 TOAPOOHO mpuBOaATcs B paborax Kammcrpartosoii JI. @., Eroposoii B. A. (2017),
Kupeesa A. I1., Kanucrparosoii JI. ®@. (2017) [4, 5].
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Pe3zynemamol u ux oocyscoenue
®parmentbl peHTreHorpaMMm KoMmno3utoB [ITOI3+CKI' npeacraBnensl Ha Pucynke 1. U3

PUCYHKA BUAHO, YTO IIpU 0O0JIBIIIOM COACPIKAHUHA HAIIOJIHUTCIIb B HOJ'II/IMepHOf/'I MaTpuIC KOMIIO3UTa
(hopMUpPYET CBOIO OTICNIBbHYIO (hazy rpadura.

CET" IT$3
TL—//_/
;’/Jﬂ’é‘_ﬁfé - 30%
———

= 2599

(110) (004) (002)

15%%

r,__:(ﬂ_ﬂﬁ) ..fzf’ = = 204

T T l] T
20 an® 20 10°

Pucynok 1. ®@parmeHTsI peHTreHorpaMM ABoiHON nomumepHoit cuctems! IITOO+CKT'.

[TapameTpsl, XapaKTepU3yOIIUE CTPYKTYpy MOIMMEPHOM Marpuibl komnozuuui [ITDI, u
pacdyeTHble 3HAyeHMs IUIOTHOCTEeH Bcex (a3 mpencrasineHsl B TaOmune. Ilpu  BBeneHuu
HAIOJIHUTENS MapaMeTpbl KPUCTAJUIMYECKOH STYeKH U ee 00beM MPAaKTHUECKU HEe U3MEHSIOTCSA U B
npejiesiax MOTPEIIHOCTH COOTBETCTBYIOT 3HadeHUsIM st yucTtoro [ITDD (a = 0,564 um, ¢ = 1,68
HM, Vi = 0,472 HM3). Jlist BceX KOMITO3MITMIM IUIOTHOCTh KPUCTATMYECKOW (Da3pl OcTaeTcs
NPaKTHYECKH OJMHAKOBOM M PABHOM Py = 2,69 r/eM’.

ConocTaBuM IPUBENEHHBIE BBIIIE 3aMEYaHUS O CTPYKTYpPHBIX THIIaX KOMIIO3UTOB CHCTEMBI
[TOOS+CKI (tunel 1 u 1) ¢ pacyeTHbIMM IUIOTHOCTSMHU BceX (a3 M CTENEHbBIO YHMOPSAI0YCHUS
amopdHoit (assl a.

N3 Tabmuubl BuAHO, uTOo B CTpykType Kommno3utoB IITO®D+CKI tuna 1 yBenmuenue
KOJIMYECTBA YACTHI] AMUCIEPCHOIO HANOJIHMUTENS A0 7 Macc. % NPUBOAUT K HE3HAYUTEIBHOMY
M3MEHEHUIO (B Mpenenax JOMYCTHUMBIX JJIsl 3THX BEIMYMH MOTPEIIHOCTeH), cTeneHu nedopManuu
KPUCTAITUYECKON SYCHKH € (CTONOeI] 2) U 3HAYCHHIO MEXCI0eBoro pacctossHust C,y (cTomberr 1),
xapakrepusyommx amopduyo ¢daszy. Omnpexnensiemble dYepe3 53TH MapamMeTpbl IUIOTHOCTH
HEYTIOPSATOYEHHON Payy U YCIOBHO YHOPSIOYCHHOM gy (CTONOCI 5) yacTelr amopdHO# (a3bl Takxke
OCTaIOTCSl TMPAKTUYECKU OAMHAKOBBIMU. COBOKYIHOE BJIMSHHE YKa3aHHBIX (PaKTOPOB IMPUBOAUT K
TOMY, YTO B paccMarpuBaeMom auanazoHe konueHnrtpanuii CKI' mmoTHOCTh MaTpuib! (cTonder 7)
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KOMIIO3UTOB OCTAaeTCsl TaKKe IPaKTUYECKH He u3MeHsmouleiics. YTo kacaeTcss cTeneHu
ynopsiodenus o (croiuber §), To oHa He3HaUNUTeNbHO cHIKaercs ot 0,46 no 0,41. B cTpykrypHOM
tune I cpenusas BenmuuHa o = 0,43, a TUIOTHOCTh MOJMMEPHON MaTrpuilpl py = 1, 67 r/em’. Kak
MOKA3aJll MCCIEOBAHUS PA3JIMYHBIX CBOMCTB YKa3aHHBIX KOMIIO3UTOB, B JIaHHOM JHara3oHe
xonueHtpanuii  CKI' ¢dopmupyercst omHoponHas cdeponuTHas CTPYKTypa, oOecneyrBaromas
BBICOKHE JKCILTyaTallMOHHBIE CBOMCTBA MTOJIMMEPHBIX KOMIIO3UIIMOHHBIX MAaTEPUAJIOB.

Tabnuna.
PEHTTEHOI'PAOUMYECKUE JJAHHBIE U ITNIOTHOCTU ®A3 KOMITIO3UTOB IIT®D+CKI’
% CKI' Caws g, % Prcs P Pan P o
HM % % r/em® r/em® r/em® r/em®

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 NMCHEPCHOrO HAINOJHMTENS B JUana3oHe
koHueHTpauit CKI' cBbime 15-30 macc. % compoBoxkaaeTcsi yBeJIMYEHUEM B 2 pa3a CpeaHHUX
3HAUE€HU BEJIMYUHBI € YTO TOBOPUT OO0 YBEIUYEHUM CTENEeHU JAedopMalvy pelIeTKH B
KPUCTAJUIMYECKIX 00pa30BaHMsIX aMOP(PHOH (a3bl. YBeIMUUBACTCS TaKkKe N0 aMophHOM (a3bl B
obmem oObemMe mnonumepa (crombery 3). Bo3pactanue 93THX BENIMYUH  COINPOBOXKIACTCS
YMEHbBIIIEHUEM CTEIEHU YIOPAA0UYEHUsI U IUIOTHOCTH aMOpP(HOM (a3bl: B cTpyKkTypHOM THuIe I 3tn
BENIMUHMHBI UMEIOT cpenuue 3HaueHus: o = 0,27, py = 0,85 r/cm’. TakuM 06pasoM, B pe3ylIbTare
nepexofa CTpykrypel THma | B crpykrypy tuma Il cremenp ymopsimodeHus: amopdHOU ¢asbl
ymeHbInaercs Ha 43 %, ee mioTHOCTh — Ha 33%, HO TPU 3TOM IOJIHOM MOTEPU €€ YHOPSIOUCHHUS
He npoucxoauT. CriefoBaresibHO, yXyAlleHHe (QU3NYECKUX U aHTU(OPHUKIMOHHBIX XapaKTEPHUCTHK,
CBOMCTBEHHOE KOMIIO3UTaM C OOJIBIINUM COAEPIKaHUEM JTUCIIEPCHOTIO HAMOIHUTEINSL, MOXXHO OTHECTH
B OOJIbLIIeH Mepe 3a CUEeT YBEIMUYEHHUs )KECTKOCTH MaTepHualla, UeM 3a CUET CHIDKEHHsS! YIIOpsI04eHUs
amopdHOIt a3kl MOTUMEPHOM MATPHIIBI.

HarnsinHoe omimune B X0/€ KOHUEHTPALMOHHBIX 3aBHUCHUMOCTEH CTENEHU YIOPSI0YCHHS
nBoiiHbix cucteM [IT®D ¢ BomokuucteiM (YB) u mucnepcusiM (CKI') HamomHUTENIMU MOXHO
nokasaHo Ha Pucynke 2. Bricokoe copepkaHue 000OMX THIIOB HAalOJIHUTENEH NPUBOAUT K
YXYALIEHUI0 (U3NYECKUX U aHTU(PPUKUMOHHBIX CBOMCTB KoMmo3uToB IIT®D, HO mo pa3HBIM
npuurHaM. BOJIOKHHCTBIM HamonHUTENb B aMOP(PHO-KPUCTAIUIMYECKOM IOJIIMMEPE CIOCOOCTBYET
IIPU BBICOKMX KOHIEHTpALMAX PasyHOpsIOYCHHUIO M Pa3pbIXJIeHHI0 aMOp(HOIl (a3l nmonumepHon
MaTpHIlbl KOMIIO3UTOB U €€ TepPEeXOAy B COCTOSHHUE C IMOJHOCTBIO HEYMOPSAAOUYEHHONH aMOp(HOM
¢dazoit. JlucriepcHbI HAIMOJIHUTENb B 3TUX )K€ YCJIOBUAX YBEIMYMBAET B IEJIOM >KECTKOCTh
Marepuana KOMIIO3UTa U CIHOCOOCTBYET CHUKEHHIO CTENEHHU yHopsaoueHus amophHOi (a3bl, HO
IIPY 3TOM OHA OCTAE€TCSl B YACTHMYHO YHNOPSJOYEHHOM COCTOSHHUH.
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Pucynok 2. KoHneHTpanmoHHas 3aBUCIMOCTh CTENIEHH YIopsaodeHuss aMopdHoit (a3pl MaTpumbl B
koMmno3utax [ITO3+YB (1) u IITO3+CKI (2)

B 3akiroueHue cieayeT OTMETHTh, YTO paccMarpuBas METOAOJOTHYECKHE ACHEKTHI
dbopMuUpOBaHUS HAAMOJCKYISIPHBIX CTpykTyp [IT®D, Ttakoii mokazarenb, Kak CTENEHb
ynopsiioueHus aMmoppHoi Ga3pl aMOpPHO-KPUCTATIINYECKUX TOTUMEPOB, CIeayeT 100aBUTh K TEM
6-TU acrekTam, KOTOpbIe aBTOPBI IPUBOIAT B padboTte [7].

Bu1600wbi

1. Cpennee 3HaYCHHUE CTETICHU YMOPAI0YEHUST aMOP(HON (a3bl MAaTPHUIBI YUCTOTO aMOp(HO-
kpuctasmmyeckoro [ITO®D moxHO cuntars paBHBIM 0,5 ¢ OTHOCUTEIBHON MOTPEIIHOCTHIO 5%.

2. VYBenuueHue conepkaHus aucnepcHoro HanonHutens B Buae CKIT mpuBoaur k
HE3HAYUTEJIbHOMY YMEHBILIEHUIO CTENEeHU YHNOPSI0YEHHS U MJIOTHOCTH aMop(dHOM (ha3bl MaTpUIIbI
koM103UTOB IIT®D B 000MX CTPYKTYpHBIX OpraHU3aLUAX MOJIMMEPHOW MaTpUIlbl, HO B CPAaBHEHUU
MEXJy CO00H cpelHHMe 3HAYEeHUs CTENEeHU YHOpsI0YeHHs B CTpyKTypHoM Ture I Boime Ha 30%,
4eM B CTPYKTypHOM TuIie II.

3. IlonHoit motepu ynopsiioueHus: amophHoOi Ga3bl B KOMIIO3UIUAX C BBICOKUM COJEPKAaHUEM
JHMCIIEPCHOTO HAMOJIHUTENS He HaOmoaaercs.

4. Hanuuue creneHu ynopsigoueHust aMopdHoil ¢pa3bl MOKHO CUMTATh OIHUM U3 MEXaHU3MOB
(dbopMupOBaHUsl HAJAMOJIEKYJISIPHONH CTPYKTYPHOM OpraHM3allii KOMIIO3ULMOHHBIX MaTepuajioB Ha
OCHOBE aMOpP(HO-KPUCTAJUIMYECKUX TTOJTUMEPOB.

Aemop evipasxcaem 0cobyio 61azo0apHocmeb U npusHamenvbHocms K.m.H. B.A.Ezopoeou 3a
npedocmasienue IKCNepUMeHmMAIbHuIX NIomHocmel komnosumog cucmemol [ITOI+CKI'
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