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Ïðåäñòàâëåíû ðåçóëüòàòû èññëåäîâàíèÿ ñòðóêòóðû óãëåðîäíûõ ìàòåðèàëîâ ìåòîäîì

ðåíòãåíîâñêîé äèôðàêòîìåòðèè. Ñ èñïîëüçîâàíèåì ðåíòãåíîâñêîãî äèôðàêòîìåòðà D8

ADVANCE (ôèëüòðîâàííîå CuKá-èçëó÷åíèå) àíàëèçèðîâàëè óãëåðîäíûå âîëîêíà ñ ðàç-

ëè÷íûìè òåìïåðàòóðíûìè (îò ~2300 äî ~3000 °C) ðåæèìàìè òåðìîîáðàáîòêè. Ïîêàçàíî,

÷òî ïðè ïðîâåäåíèè äèàãíîñòèêè ñòðóêòóðû âîëîêíèñòûõ óãëåðîäíûõ ìàòåðèàëîâ, â êîòî-

ðûå ðåíòãåíîâñêèå ëó÷è ïðîíèêàþò íà áîëüøóþ ãëóáèíó, íåîáõîäèìî îãðàíè÷èâàòü òîë-

ùèíó îáúåêòà èññëåäîâàíèÿ äî ~0,1 ìì äëÿ îáåñïå÷åíèÿ óñëîâèÿ ñàìîôîêóñèðîâêè âñåì

îáúåìîì îáðàçöà, ôîðìèðóþùèì äèôðàãèðîâàííûé ïó÷îê. Ìàòåðèàë óãëåðîäíûõ âûñîêî-

ìîäóëüíûõ âîëîêîí ìîæåò áûòü ãåòåðîãåííûì, âêëþ÷àòü îáëàñòè êîãåðåíòíîãî ðàññåÿíèÿ,

ïàðàìåòðû êðèñòàëëè÷åñêîé ñòðóêòóðû êîòîðûõ îòëè÷àþòñÿ. Â ðåçóëüòàòå ýêñïåðèìåíòà-

ëüíî íàáëþäàåìûå äèôðàêöèîííûå ìàêñèìóìû 002, 004 è 006 ñòàíîâÿòñÿ àñèììåòðè÷íû-

ìè è íå îïèñûâàþòñÿ ôóíêöèÿìè Ãàóññà, Ëîðåíöà èëè Âîéòà. Ïîýòîìó ïîëó÷àåìûå ïî

ñòàíäàðòíîé ìåòîäèêå ñðåäíèå çíà÷åíèÿ ìåæïëîñêîñòíîãî ðàññòîÿíèÿ è ðàçìåðû îáëàñòåé

êîãåðåíòíîãî ðàññåÿíèÿ íå îòðàæàþò ðåàëüíóþ ñòðóêòóðó ìàòåðèàëà. Ïðîôèëü àñèììåò-

ðè÷íîãî äèôðàêöèîííîãî ìàêñèìóìà 002 àíàëèçèðîâàëè ñ ïîìîùüþ ïðîãðàììû Origin.

Ýòî ïîçâîëèëî èññëåäîâàòü òîíêóþ (ãåòåðîãåííóþ) ñòðóêòóðó âîëîêíà, êîòîðàÿ âî ìíîãîì

îïðåäåëÿåò ôèçèêî-ìåõàíè÷åñêèå ñâîéñòâà ìàòåðèàëà. Ïðèâåäåíû äàííûå àíàëèçà ïðî-

ôèëåé ìàêñèìóìîâ 002 óãëåðîäíûõ îáðàçöîâ äî è ïîñëå óäàëåíèÿ CuKá2-ñîñòàâëÿþùåé.

Âûïîëíåíî ñðàâíåíèå ðåçóëüòàòîâ ðàçäåëåíèÿ ýêñïåðèìåíòàëüíî íàáëþäàåìûõ àñèììåò-

ðè÷íûõ äèôðàêöèîííûõ ìàêñèìóìîâ 002 íà ñèììåòðè÷íûå ìàêñèìóìû, îïèñûâàåìûå

ôóíêöèÿìè Ãàóññà, Ëîðåíöà è Âîéòà. Óñòàíîâëåíî, ÷òî ïðåäïî÷òèòåëüíî ðàçëîæåíèå íà

êîìïîíåíòû, îïèñûâàåìûå ôóíêöèÿìè Ãàóññà èëè Âîéòà.
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New possibilities for diagnosing the structure of carbon materials by X-ray diffraction analysis are de-

scribed. The studies were performed on an X-ray diffractometer D8 ADVANCE (filtered CuKá radiation)

using carbon fibers (CF) differed in the mode of heat treatment (~2300 to ~3000°C). It is shown that

when studying the structure of fibrous carbon materials characterized by a large depth of X-rays penetra-

tion, it is necessary to limit the thickness of the object under study to ~0.1 mm to provide the self-focusing
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condition for the entire sample volume engaged in formation of the diffracted beam. The material of high

modulus carbon fibers can be heterogeneous and contain coherent scattering regions wherein the crystal

structure parameters are somewhat different and experimentally observed diffraction peaks 002, 004, and

006 become asymmetric and are not described by the Gauss, Lorentz, or Voigt functions. Thus, the stan-

dard method used for determination of the average value of the interplanar spacing and the size of coher-

ent scattering regions does provide reliable information on the real structure of the material. The profile

of the asymmetric diffraction peak 002 was analyzed using the Origin program thus providing information

about fine (heterogeneous) structure of the carbon fiber material which largely determines the physicome-

chanical properties. The data on 002 diffraction peak profiles of carbon fibers before and after removal of

the CuKá
2

component are presented. The data on decomposition of the experimentally observed asym-

metric 002 diffraction peaks into symmetric peaks described by the Gaussian, Lorentz, and Voigt func-

tions are compared. The most preferable is the decomposition into the components described by the

Gaussian or Voigt functions.

Keywords: carbon fiber; X-ray diffraction analysis; coherent scattering region; component composition;

metastable states.

Ââåäåíèå

Íåîáõîäèìîñòü îïðåäåëåíèÿ ïàðàìåòðîâ

ñòðóêòóðû íàíîñòðóêòóðèðîâàííûõ ìàòåðèàëîâ

âîçíèêàåò ïðè ðåøåíèè êàê ôóíäàìåíòàëüíûõ,

òàê è ïðèêëàäíûõ çàäà÷, íàïðèìåð, â ñëó÷àå èñ-

ñëåäîâàíèÿ êðèñòàëëè÷åñêîé ðåøåòêè, îïðåäåëå-

íèÿ ðàçìåðîâ îáëàñòåé êîãåðåíòíîãî ðàññåÿíèÿ

(ÎÊÐ) è òåêñòóðû ïîëèìåðíûõ è óãëåðîäíûõ âî-

ëîêíèñòûõ ìàòåðèàëîâ íà ðàçëè÷íûõ ýòàïàõ ïî-

ëó÷åíèÿ óãëåðîäíûõ âîëîêîí (ÓÂ). Âìåñòå ñ òåì

êîíå÷íûå ñâîéñòâà ÓÂ çàâèñÿò â òîì ÷èñëå è îò

óñëîâèé òåðìîñòàáèëèçàöèè [1 – 8]. Òàê, â ñëó÷àå

ÓÂ íà îñíîâå ïîëèàêðèëîíèòðèëà (ÏÀÍ) ïðè

òåìïåðàòóðàõ ~250 °C â îáúåìå èñõîäíîé ÏÀÍ-

íèòè ôîðìèðóåòñÿ íîâàÿ íàíîñòðóêòóðà òåðìî-

ñòàáèëèçèðîâàííîãî âîëîêíà, äëÿ äèàãíîñòèêè

êîòîðîé øèðîêî ïðèìåíÿþò äèôðàêöèîííûå ìå-

òîäû èññëåäîâàíèÿ.

Íà ñòàäèè âûñîêîòåìïåðàòóðíîé (äî

~3000 °C) òåðìîìåõàíè÷åñêîé îáðàáîòêè â ïðî-

öåññå àêòèâíîé ïåðåêðèñòàëëèçàöèè óãëåðîäíîãî

ìàòåðèàëà ôîðìèðóþòñÿ çàäàííûé äèñïåðñíûé

ñîñòàâ è òåêñòóðà êîíå÷íîãî ïðîäóêòà, âî ìíîãîì

îïðåäåëÿþùèå åãî ñâîéñòâà [9 – 15]. Äëÿ îïðåäå-

ëåíèÿ îïòèìàëüíûõ ðåæèìîâ òåðìîìåõàíè÷åñêî-

ãî âîçäåéñòâèÿ íà èñõîäíîå ÏÀÍ-âîëîêíî íà âñåõ

ýòàïàõ ïîëó÷åíèÿ âûñîêîêà÷åñòâåííîãî ÓÂ íå-

îáõîäèìî èññëåäîâàòü âçàèìîñâÿçü ìåæäó ðå-

æèìàìè îáðàáîòêè è ñòðóêòóðíûìè èçìåíåíèÿìè

ìàòåðèàëà. Â ýòîì ñëó÷àå ðåíòãåíîñòðóêòóðíûé

àíàëèç — îäèí èç íàèáîëåå ðàñïðîñòðàíåííûõ è

ýôôåêòèâíûõ ìåòîäîâ êîíòðîëÿ ïàðàìåòðîâ

ñòðóêòóðû.

Äëÿ äèàãíîñòèêè ñòðóêòóðû ãðàôèòèðîâàí-

íûõ ìàòåðèàëîâ è ÓÂ íà ðàçëè÷íûõ ýòàïàõ äëè-

òåëüíîãî ìåõàíè÷åñêîãî äèñïåðãèðîâàíèÿ èëè

ðàäèàöèîííîãî âîçäåéñòâèÿ òàêæå ïðèìåíÿþò

ìåòîä ðåíòãåíîâñêîé äèôðàêòîìåòðèè [16 – 19].

Îäíàêî ïðè åãî èñïîëüçîâàíèè äëÿ àíàëèçà

ñòðóêòóðû óãëåðîäíûõ è ïîëèìåðíûõ ìàòåðèà-

ëîâ âîçíèêàåò ðÿä ïðîáëåì. Âî-ïåðâûõ, ïðè ñòàí-

äàðòíûõ ìåòîäèêàõ ïðîâåäåíèÿ ýêñïåðèìåíòà

áîëüøàÿ ãëóáèíà ïðîíèêíîâåíèÿ ðåíòãåíîâñêèõ

ëó÷åé â îáðàçåö îáóñëàâëèâàåò ó÷àñòèå â ôîðìè-

ðîâàíèè äèôðàãèðîâàííîãî ïó÷êà îáúåìîâ èññëå-

äóåìîãî âåùåñòâà, ðàñïîëîæåííûõ ñóùåñòâåííî

(íà ìèëëèìåòðû) íèæå ïëîñêîñòè ñàìîôîêóñè-

ðîâêè ïî Áðåããó – Áðåíòàíî, ÷òî ïðèâîäèò ê èñ-

êàæåíèþ ïðîôèëÿ äèôðàêöèîííîãî ìàêñèìóìà.

Âî-âòîðûõ, ìàòåðèàë ìîæåò áûòü íå ìîíîäèñ-

ïåðñåí, âêëþ÷àòü ÎÊÐ, ïàðàìåòðû êðèñòàëëè÷å-

ñêîé ñòðóêòóðû êîòîðûõ îòëè÷àþòñÿ. Â ðåçóëüòà-

òå ýêñïåðèìåíòàëüíî íàáëþäàåìûå äèôðàêöè-

îííûå ìàêñèìóìû òàêèõ ñòðóêòóð ñòàíîâÿòñÿ

àñèììåòðè÷íûìè è íå îïèñûâàþòñÿ ôóíêöèÿìè

Ãàóññà, Ëîðåíöà èëè Âîéòà. Â ÷àñòíîñòè, íà

ðåíòãåíîâñêèõ äèôðàêòîãðàììàõ âûñîêîìîäóëü-

íûõ ÓÂ ôèêñèðóåòñÿ ñóùåñòâåííàÿ àñèììåòðèÿ

ìàêñèìóìîâ 002, 004 è 006 êàê íà «áëèæíèõ»

(2è � 26°), òàê è íà «äàëüíèõ» (2è � 54 è ~87°)

óãëàõ äèôðàêöèè (CuKá-èçëó÷åíèå) [12].

Àñèììåòðèÿ ìàêñèìóìîâ çàâèñèò îò óñëîâèé

ïîëó÷åíèÿ ÓÂ. Òàê, àñèììåòðèÿ äèôðàêöèîííûõ

ìàêñèìóìîâ 002 ÓÂ è ïðèðîäíîãî ãðàôèòà, êî-

òîðàÿ íàáëþäàåòñÿ ïîñëå äëèòåëüíîãî ìåõàíè-

÷åñêîãî äèñïåðãèðîâàíèÿ [16, 19], âåðîÿòíî, îáó-

ñëîâëåíà îäíîâðåìåííûì ïðèñóòñòâèåì â ìàòå-

ðèàëàõ êîìïîíåíò, îòëè÷àþùèõñÿ ïî ðàçìåðàì

ÎÊÐ è âåëè÷èíå ìåæñëîåâîãî ðàññòîÿíèÿ. Ïîýòî-

ìó ïîëó÷àåìàÿ ïî öåíòðó òÿæåñòè è èíòåãðàëü-

íîé øèðèíå àñèììåòðè÷íûõ ìàêñèìóìîâ èíôîð-

ìàöèÿ î ñðåäíåì çíà÷åíèè ìåæïëîñêîñòíîãî ðàñ-

ñòîÿíèÿ è ñðåäíèõ ðàçìåðàõ ÎÊÐ íå îòðàæàåò ðå-

àëüíóþ ñòðóêòóðó ìàòåðèàëà. Óñòðàíèâ èñêàæå-

íèå äèôðàêöèîííûõ ìàêñèìóìîâ, îáóñëîâëåííîå

áîëüøîé ãëóáèíîé ïðîíèêíîâåíèÿ ðåíòãåíîâ-

ñêèõ ëó÷åé, ìîæíî ïîëó÷èòü áîëåå òî÷íûå äàí-

íûå î òîíêîé ñòðóêòóðå èçó÷àåìîãî ìàòåðèàëà.

Öåëü ðàáîòû — èññëåäîâàíèå òîíêîé ñòðóêòó-

ðû ÓÂ ìåòîäîì ðåíòãåíîñòðóêòóðíîãî àíàëèçà.

Îáîðóäîâàíèå, ìåòîäû, ìàòåðèàëû

Ñ ïîìîùüþ ðåíòãåíîâñêîãî äèôðàêòîìåòðà

D8 ADVANCE (ôèëüòðîâàííîå CuKá-èçëó÷åíèå)
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èññëåäîâàëè îáðàçöû ÓÂ (ÓÂ1, ... ÓÂ-5), îòëè÷à-

þùèåñÿ òåìïåðàòóðíûìè (îò ~2300 äî ~3000 °C)

ðåæèìàìè òåðìîîáðàáîòêè. Äëÿ îáåñïå÷åíèÿ ñà-

ìîôîêóñèðîâêè äèôðàãèðîâàííîãî ïó÷êà ïî

Áðýããó – Áðåíòàíî âñåì îáúåìîì âåùåñòâà, ñ êî-

òîðûì âçàèìîäåéñòâóåò ðåíòãåíîâñêèé ïó÷îê,

èñïîëüçîâàëè îáðàçöû â âèäå òîíêîãî (~0,1 ìì)

ñëîÿ íèòåé. CuKá2-ñîñòàâëÿþùóþ óäàëÿëè ñ ïî-

ìîùüþ ïðîãðàììû DIFFRAC plus. Ïðîôèëè äè-

ôðàêöèîííûõ àñèììåòðè÷íûõ ìàêñèìóìîâ 002

ÎÊÐ ÓÂ àíàëèçèðîâàëè, èñïîëüçóÿ ïðîãðàììó

Origin. Äëÿ ýòîãî ýêñïåðèìåíòàëüíî ïîëó÷åííûå

àñèììåòðè÷íûå ìàêñèìóìû (CuKá-èçëó÷åíèå),

à òàêæå ìàêñèìóìû ïîñëå óäàëåíèÿ CuKá2-ñî-

ñòàâëÿþùåé (ñîîòâåòñòâóþùèå âçàèìîäåéñòâèþ

ñ îáðàçöîì CuKá1-èçëó÷åíèÿ) ðàçëàãàëè íà êîì-

ïîíåíòû, ïðîôèëè êîòîðûõ îïèñûâàþòñÿ ôóíê-

öèÿìè Ãàóññà, Ëîðåíöà èëè Âîéòà. Ìèíèìàëüíîå

êîëè÷åñòâî òàêèõ êîìïîíåíò ðàçëîæåíèÿ îïðåäå-

ëÿëè ñîâïàäåíèåì ïðîôèëåé ñóììàðíîãî è ýêñïå-

ðèìåíòàëüíî ïîëó÷åííîãî ìàêñèìóìîâ (êîýôôè-

öèåíò äåòåðìèíàöèè R2 = 0,9969 – 0,9998). Ìåæ-

ïëîñêîñòíîå ðàññòîÿíèå d002 è ñðåäíèå ðàçìåðû

L002 ÎÊÐ âûäåëåííûõ êîìïîíåíò âû÷èñëÿëè ïî

öåíòðó òÿæåñòè è ïîëóøèðèíå ìàêñèìóìîâ (â

óðàâíåíèè Ñåëÿêîâà – Øåððåðà êîíñòàíòó k ïðè-

íèìàëè ðàâíîé åäèíèöå). Êîëè÷åñòâåííîå ñîîò-

íîøåíèå êîìïîíåíò â ÓÂ îïðåäåëÿëè ïðîïîðöèî-

íàëüíî îòíîøåíèþ ïëîùàäåé ìàêñèìóìîâ êîì-

ïîíåíò ðàçëîæåíèÿ.

Îáñóæäåíèå ðåçóëüòàòîâ

Âëèÿíèå óñëîâèé ïîëó÷åíèÿ ðåíòãåíîãðàììû

íà ïîëîæåíèå è ïðîôèëü äèôðàêöèîííûõ ìàêñè-

ìóìîâ èññëåäîâàëè íà òðåõ îáðàçöàõ ÓÂ-1

(ðèñ. 1). Â ïåðâîì îáðàçöå ïàðàëëåëüíî óëîæåí-

íûå óãëåðîäíûå íèòè ðàñïîëàãàëè â ñëîå òîëùè-

íîé ~0,1 ìì. Âî âòîðîì è òðåòüåì — îòðåçêè

æãóòîâ ÓÂ óêëàäûâàëè ïàðàëëåëüíî äðóã ê äðóãó

â êþâåòû ãëóáèíîé 2 è 4 ìì.

Âû÷èñëåííûå ïî ðåíòãåíîãðàììàì çíà÷åíèÿ

d002 è L002 ñîñòàâëÿëè 3,401, 3,449, 3,463 Å è 8,2,

7,34, 7,28 íì ñîîòâåòñòâåííî.

Óãëåðîäíûé ìàòåðèàë â ïðîöåññå ïåðåõîäà

èç ðåíòãåíîàìîðôíîãî ñîñòîÿíèÿ â ãðàôèò ïðîõî-

äèò ÷åðåç íåñêîëüêî ìåòàñòàáèëüíûõ ñîñòîÿíèé,

êîòîðûì ñîîòâåòñòâóþò ôèêñèðîâàííûå çíà÷åíèÿ

ìåæñëîåâîãî ðàññòîÿíèÿ: d
002

1 = 0,335, d
002

2 =

= 0,337, d
002

3 = 0,340, d
002

4 = 0,3425, d
002

5 =

= 0,3440 è d
002

6 = 0,355/0,368 íì [17 – 20].

Ñîñòîÿíèÿ (êîìïîíåíòû), ñîîòâåòñòâóþùèå ýòèì

çíà÷åíèÿì ìåæñëîåâûõ ðàññòîÿíèé, îáîçíà÷èëè

K1, K2, ..., K6.

Íà ðèñ. 2 ïðèâåäåíû ýêñïåðèìåíòàëüíûå

ïðîôèëè äèôðàêöèîííûõ ìàêñèìóìîâ 002 îáðàç-

öîâ ÓÂ-1 è ÓÂ-2, à òàêæå ïðîôèëè òðåõ êîìïî-

íåíò ðàçëîæåíèÿ àñèììåòðè÷íûõ ìàêñèìóìîâ,

êîòîðûå îïèñûâàþòñÿ ôóíêöèÿìè Ãàóññà, Ëî-

ðåíöà è Âîéòà. Ïðîôèëè ñóììàðíîãî ìàêñèìóìà

êîìïîíåíò ðàçëîæåíèÿ è ýêñïåðèìåíòàëüíî ïî-

ëó÷åííûõ àñèììåòðè÷íûõ äèôðàêöèîííûõ ìàê-

ñèìóìîâ 002 ÓÂ ñîâïàäàþò.

Çíà÷åíèÿ êîýôôèöèåíòà R2, âû÷èñëåííûå ïî

ðåçóëüòàòàì ðàçëîæåíèÿ îáðàçöîâ, îêàçàëèñü

íàèáîëüøèìè ïðè ïðèìåíåíèè ôóíêöèé Âîéòà è

Ãàóññà (ñì. òàáëèöó). Ñðåäíåå çíà÷åíèå R2, îïðå-

äåëåííîå ïî ïÿòè èññëåäîâàííûì ÓÂ (CuKá-èç-

ëó÷åíèå), ñîñòàâèëî 0,9995, 0,9994 (ôóíêöèè

Âîéòà è Ãàóññà) è 0,9976 (ôóíêöèÿ Ëîðåíöà).

Äëÿ îáðàçöà ÓÂ-1 êîìïîíåíòû ðàçëîæåíèÿ

àñèììåòðè÷íîãî ìàêñèìóìà 002 íà ñèììåòðè÷-
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Ðèñ. 1. Ðåíòãåíîãðàììû îáðàçöîâ ÓÂ-1 ñ òîëùèíîé ñëîÿ

óãëåðîäíûõ íèòåé ~0,1 (1), 2 (2) è 4 ìì (3)

Fig. 1. Diffraction patterns of CF-1 samples with different

thickness of the carbon filaments layer: ~0.1 (1), 2 (2), and

4 mm (3)
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Ðèñ. 2. Ïðîôèëè àñèììåòðè÷íûõ äèôðàêöèîííûõ ìàê-

ñèìóìîâ 002 îáðàçöîâ ÓÂ-1 è ÓÂ-2 è êîìïîíåíò, êîòî-

ðûå îïèñûâàþòñÿ ôóíêöèÿìè Ãàóññà (à, á), Ëîðåíöà (â) è

Âîéòà (ã)

Fig. 2. Profiles of the asymmetric diffraction peaks 002 of

CF-1 and CF-2 samples and components described by the

Gaussian (a, b), Lorentz (c), and Voigt (d) functions



íûå ìîæíî îòíåñòè ê êîìïîíåíòàì K2, K3 è K5

(ñì. òàáë.). Ïðè ýòîì â ñëó÷àå ïðèìåíåíèÿ ôóíê-

öèé Ãàóññà è Âîéòà äëÿ àíàëèçà ïðîôèëÿ àñèì-

ìåòðè÷íîãî ìàêñèìóìà (ðàçëîæåíèÿ åãî íà êîì-

ïîíåíòû) ñðåäíèå ðàçìåðû L002 âûäåëåííûõ êîì-

ïîíåíò äîñòàòî÷íî áëèçêè (27,8, 13,6, 5,3 è 21,1,

14,2, 8,8 íì ñîîòâåòñòâåííî). Ïðè èñïîëüçîâàíèè

ôóíêöèè Ëîðåíöà çíà÷åíèÿ L002 ïî÷òè â 1,5 ðàçà

áîëüøå.

Êîìïîíåíòû ðàçëîæåíèÿ àñèììåòðè÷íîãî

ìàêñèìóìà 002 îáðàçöà ÓÂ-2, ïîëó÷åííîãî ïðè

áîëåå íèçêîé òåìïåðàòóðå, ïðè ïðèìåíåíèè
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Ïàðàìåòðû òîíêîé ñòðóêòóðû ÓÂ

Parameters of the CF fine structure

Îáðàçåö

(èçëó÷åíèå)
Ôóíêöèÿ

Êîìïîíåíòû

ðàçëîæåíèÿ

Ìåæñëîåâîå

ðàññòîÿíèå d002, Å

Ñðåäíèå ðàçìåðû

L002, íì

Ñîäåðæàíèå

êîìïîíåíò, %

Êîýôôèöèåíò

äåòåðìèíàöèè R2

Îáðàçöû ñ ðàçëè÷íûìè òåìïåðàòóðíûìè ðåæèìàìè âûñîêîòåìïåðàòóðíîé òåðìîìåõàíè÷åñêîé îáðàáîòêè

ÓÂ-1 (CuKá) Ãàóññ K2 3,372 27,8 16 0,9989

K3 3,403 13,6 45

K5 3,437 5,3 39

Ëîðåíö K2 3,370 33,1 26 0,9974

K3 3,398 22,7 34

K5 3,437 12,0 40

Âîéò K2 3,372 21,1 33 0,9994

K3 3,409 14,2 36

K5 3,467 8,8 31

ÓÂ-2 (CuKá) Ãàóññ K3 3,406 12,5 37 0,9990

K5 3,436 6,6 44

K6 3,515 2,6 19

Ëîðåíö K2 3,381 18,5 26 0,9969

K4 3,420 16,0 41

K5 3,469 9,5 33

Âîéò K3 3,400 10,0 51 0,9990

K5 3,444 7,8 32

K6 3,548 5,4 17

ÓÂ-3 (CuKá) Ãàóññ K3 3,402 11,4 33 0,9997

K4 3,432 6,4 43

K5 3,493 2,7 24

Ëîðåíö K2 3,379 15,6 28 0,9981

K4 3,423 13,1 41

K5 3,4978 67,5 31

Âîéò K3 3,399 10,1 27 0,9998

K4 3,423 6,2 50

K6 3,545 4,0 23

Îáðàçöû, ïîëó÷åííûå â ðåçóëüòàòå âûñîêîòåìïåðàòóðíîé îáðàáîòêè îòðåçêîâ æãóòîâ

â ãðàôèòîâîì çàêðûòîì òèãëå

ÓÂ-4 (CuKá) Ãàóññ K1 3,361 28,2 21 0,9994

K2 3,384 16,0 43

K3 3,409 5,8 36

Ëîðåíö K1 3,355 40,3 21 0,9977

K2 3,375 29,0 36

K3 3,403 14,8 43

Âîéò K1 3,363 21,1 44 0,9997

K3 3,398 18,7 33

K5 3,435 8,5 23



ôóíêöèé Ãàóññà èëè Âîéòà — K3, K5 è K6. Â ñëó-

÷àå ôóíêöèè Ëîðåíöà ðåçóëüòàòû àíàëèçà ñóùå-

ñòâåííî îòëè÷àëèñü ðàçìåðàìè ÎÊÐ, à êîìïî-

íåíòíûé ñîñòàâ ñîîòâåòñòâîâàë ìåíüøèì çíà÷å-

íèÿì ìåæñëîåâîãî ðàññòîÿíèÿ (K2, K4 è K5).

Äëÿ îñòàëüíûõ èññëåäîâàííûõ ÓÂ ðàçìåðû

ÎÊÐ ðàçëîæåíèÿ, ïîëó÷åííûå ñ ïîìîùüþ ôóíê-

öèé Ãàóññà è Âîéòà, òàêæå çàìåòíî îòëè÷àëèñü îò

ïîëó÷åííûõ ïðè èñïîëüçîâàíèè ôóíêöèè Ëîðåí-

öà. Çàìåòèì, ÷òî ñðåäíèå ðàçìåðû L002 ÎÊÐ âû-

äåëåííûõ êîìïîíåíò ðàçëîæåíèÿ âñåõ èññëåäî-

âàííûõ âîëîêîí îêàçàëèñü íàèìåíüøèìè ïðè

ïðèìåíåíèè ôóíêöèè Âîéòà äëÿ àíàëèçà àñèì-

ìåòðè÷íîãî ìàêñèìóìà 002.

Àíàëèç äèôðàêöèîííûõ ìàêñèìóìîâ 002 îá-

ðàçöîâ ÓÂ-4 è ÓÂ-5 äî è ïîñëå óäàëåíèÿ CuKá2-

ñîñòàâëÿþùåé ïîêàçàë, ÷òî êàê ïî êîìïîíåíòíî-

ìó ñîñòàâó (ìåæñëîåâûì ðàññòîÿíèÿì), òàê è ïî

ðàçìåðàì ÎÊÐ, ïîëó÷åííûå äàííûå áëèçêè.

Çàêëþ÷åíèå

Òàêèì îáðàçîì, ïðîâåäåííûå èññëåäîâàíèÿ

ïîêàçàëè, ÷òî ïðè ðåíòãåíîñòðóêòóðíûõ èññëåäî-

âàíèÿõ ìàòåðèàëîâ, õàðàêòåðèçóþùèõñÿ áîëü-

øîé ãëóáèíîé ïðîíèêíîâåíèÿ ðåíòãåíîâñêèõ ëó-

÷åé, íåîáõîäèìî îãðàíè÷èâàòü òîëùèíó îáúåêòà

èññëåäîâàíèÿ äëÿ îáåñïå÷åíèÿ âûïîëíåíèÿ óñëî-

âèÿ ñàìîôîêóñèðîâêè âñåì îáúåìîì îáðàçöà,

ôîðìèðóþùèì äèôðàãèðîâàííûé ïó÷îê.

Ïðè àíàëèçå ïðîôèëÿ àñèììåòðè÷íûõ äè-

ôðàêöèîííûõ ìàêñèìóìîâ 002 óãëåðîäíîãî âî-

ëîêíà ïðåäïî÷òèòåëüíî ðàçëîæåíèå ýêñïåðèìåí-

òàëüíî ïîëó÷åííîãî ìàêñèìóìà íà êîìïîíåíòû,

îïèñûâàåìûå ôóíêöèÿìè Ãàóññà èëè Âîéòà. Ýòî

ïîçâîëÿåò ïîëó÷èòü íîâûå äàííûå î òîíêîé (ãå-

òåðîãåííîé) ñòðóêòóðå ìàòåðèàëà, êîòîðàÿ âî

ìíîãîì îïðåäåëÿåò åãî ôèçèêî-ìåõàíè÷åñêèå

ñâîéñòâà è íàèáîëåå ÷óâñòâèòåëüíà ê èçìåíåíèþ

óñëîâèé ïîëó÷åíèÿ.
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Îáðàçåö

(èçëó÷åíèå)
Ôóíêöèÿ

Êîìïîíåíòû

ðàçëîæåíèÿ

Ìåæñëîåâîå

ðàññòîÿíèå d002, Å

Ñðåäíèå ðàçìåðû

L002, íì

Ñîäåðæàíèå

êîìïîíåíò, %

Êîýôôèöèåíò

äåòåðìèíàöèè R2

ÓÂ-4 (CuKá1) Ãàóññ K1 3,361 29,4 29 0,9992

K2 3,384 16,7 42

K3 3,408 5,9 37

Ëîðåíö K1 3,355 43,1 20 0,9974

K2 3,374 30,1 35

K3 3,402 15,1 45

Âîéò K1 3,361 23,2 36 0,9996

K3 3,392 17,2 42

K5 3,437 8,7 22

ÓÂ-5 (CuKá) Ãàóññ K2 3,367 26,4 44 0,9998

K3 3,388 14,8 32

K4 3,412 5,3 24

Ëîðåíö K1 3,353 47,3 23 0,9978

K2 3,375 34,7 42

K3 3,400 18,4 35

Âîéò K1 3,363 18,8 49 0,9998

K2 3,383 14,0 30

K5 3,442 8,9 21

ÓÂ-5 (CuKá1) Ãàóññ K2 3,367 26,7 44 0,9978

K3 3,388 15,2 31

K4 3,412 5,4 25

Ëîðåíö K1 3,353 48,1 23 0,9978

K2 3,374 34,9 42

K3 3,399 18,3 35

Âîéò K1 3,355 24,3 23 0,9997

K2 3,377 20,6 36

K4 3,411 12,6 41

Îêîí÷àíèå òàáëèöû
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