
DOI: https://doi.org/10.26896/1028-6861-2020-86-6-29-35

ÊÎÍÒÐÎËÜ ÔÀÇÎÂÎÃÎ ÑÎÑÒÀÂÀ ÏÅÐÑÏÅÊÒÈÂÍÛÕ ÔÎÑÔÀÒÎÂ

ÊÀËÜÖÈß Ñ ÈÑÏÎËÜÇÎÂÀÍÈÅÌ ÐÅÍÒÃÅÍÎÂÑÊÎÃÎ

ÄÈÔÐÀÊÒÎÌÅÒÐÀ Ñ ÈÇÎÃÍÓÒÛÌ ÏÎÇÈÖÈÎÍÍÎ-

×ÓÂÑÒÂÈÒÅËÜÍÛÌ ÄÅÒÅÊÒÎÐÎÌ

� Âëàäèìèð Ïåòðîâè÷ Ñèðîòèíêèí*, Îëåã Âèòàëüåâè÷ Áàðàíîâ,

Àëåêñàíäð Þðüåâè÷ Ôåäîòîâ, Ñåðãåé Ìèðîíîâè÷ Áàðèíîâ

Èíñòèòóò ìåòàëëóðãèè è ìàòåðèàëîâåäåíèÿ èìåíè À. À. Áàéêîâà ÐÀÍ, Ðîññèÿ, 119334, Ìîñêâà, Ëåíèíñêèé ïð. 49;

*e-mail: sir@imet.ac.ru

Ñòàòüÿ ïîñòóïèëà 7 èþíÿ 2019 ã. Ïîñòóïèëà ïîñëå äîðàáîòêè 20 ÿíâàðÿ 2020 ã.

Ïðèíÿòà ê ïóáëèêàöèè 23 ÿíâàðÿ 2020 ã.

Ïðåäñòàâëåíû ðåçóëüòàòû èññëåäîâàíèÿ ôàçîâîãî ñîñòàâà ïåðñïåêòèâíûõ ôîñôàòîâ êàëü-

öèÿ Ca10(PO4)6(OH)2, â-Ca3(PO4)2, á-Ca3(PO4)2, CaHPO4 · 2H2Î, Ca8(HPO4)2(PO4)4 · 5H2O

ñ ïîìîùüþ ðåíòãåíîâñêîãî äèôðàêòîìåòðà ñ èçîãíóòûì ïîçèöèîííî-÷óâñòâèòåëüíûì äå-

òåêòîðîì ìåòîäîì íàëîæåíèÿ ðåíòãåíîäèôðàêöèîííûõ ñïåêòðîâ. Ñ ó÷åòîì îáðàçóþùèõñÿ

â ïðîöåññå ñèíòåçà ïðèìåñíûõ ôàç ïðèâåäåíû îïòèìàëüíûå ýêñïåðèìåíòàëüíûå óñëîâèÿ

(óãëîâûå ïîëîæåíèÿ ðåíòãåíîâñêîé òðóáêè è äåòåêòîðà, ðàçìåð ùåëåé, âðåìÿ ýêñïîçèöèè).

Îòìå÷åíû êîíñòðóêòèâíûå îñîáåííîñòè äèôðàêòîìåòðà, âëèÿþùèå íà ïðîôèëüíûå õàðàê-

òåðèñòèêè ðåíòãåíîâñêèõ äèôðàêöèîííûõ ïèêîâ, à òàêæå îïðåäåëåí ñîñòàâ äëÿ åãî êàëèá-

ðîâêè (ñìåñü àöåòàòà íàòðèÿ è îêñèäà èòòðèÿ). Ïîñòðîåííûå ïî ëèòåðàòóðíûì äàííûì

òåîðåòè÷åñêèå ðåíòãåíîäèôðàêöèîííûå ñïåêòðû äëÿ èññëåäóåìûõ îáðàçöîâ ïåðñïåêòèâ-

íûõ ôîñôàòîâ êàëüöèÿ èñïîëüçîâàëè äëÿ àíàëèçà èõ ôàçîâîãî ñîñòàâà. Óñòàíîâëåíî, ÷òî

ïîðîøîê âûñîêîòåìïåðàòóðíîé ôîðìû òðèêàëüöèéôîñôàòà çíà÷èòåëüíî àäñîðáèðóåò

âîäó èç îêðóæàþùåé ñðåäû. Êðîìå òîãî, íà ðåíòãåíîäèôðàêöèîííûõ ñïåêòðàõ äèêàëüöèé-

ôîñôàòà äèãèäðàòà ïðèñóòñòâóåò çíà÷èòåëüíàÿ òåêñòóðà, à íà ñïåêòðå îêòàêàëüöèéôîñôà-

òà ïåíòàãèäðàòà — ëèøü îäèí èíòåíñèâíûé ïèê íà ìàëûõ óãëàõ. Äëÿ âñåõ îáðàçöîâ ôèê-

ñèðîâàëè çíà÷èòåëüíûå îòêëîíåíèÿ çàðåãèñòðèðîâàííûõ óãëîâûõ ïîëîæåíèé è îòíîñèòå-

ëüíîé èíòåíñèâíîñòè äèôðàêöèîííûõ ïèêîâ îò òåîðåòè÷åñêèõ çíà÷åíèé. Íàèáîëåå ýôôåê-

òèâíûì îêàçàëñÿ ìåòîä ãðàôè÷åñêîãî ñîïîñòàâëåíèÿ ýêñïåðèìåíòàëüíûõ ðåíòãåíîäèôðàê-

öèîííûõ ñïåêòðîâ è ïðåäâàðèòåëüíî çàðåãèñòðèðîâàííûõ ñïåêòðîâ ýòàëîííûõ ôîñôàòîâ

êàëüöèÿ è âîçìîæíûõ ïðèìåñíûõ ôàç (â ýòîì ñëó÷àå íåîáõîäèìîñòü êàëèáðîâêè ïðèáîðà

îòñóòñòâóåò). Ïðè åãî èñïîëüçîâàíèè îáùåå âðåìÿ àíàëèçà îäíîãî îáðàçöà ñîñòàâëÿëî íå

áîëåå 10 ìèí.

Êëþ÷åâûå ñëîâà: ðåíòãåíîäèôðàêöèîííîå èññëåäîâàíèå; ïîçèöèîííî-÷óâñòâèòåëüíûé

äåòåêòîð; êàëèáðîâêà; ïåðñïåêòèâíûå ôîñôàòû êàëüöèÿ; ïðèìåñíûå ôàçû; ôàçîâûé

ñîñòàâ.
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The results of studying the phase composition of advanced calcium phosphates Ca10(PO4)6(OH)2,

â-Ca3(PO4)2, á-Ca3(PO4)2, CaHPO4 · 2H2O, Ca8(HPO4)2(PO4)4 · 5H2O using an x-ray diffractometer with

a curved position-sensitive detector are presented. Optimal experimental conditions (angular positions

of the x-ray tube and detector, size of the slits, exposure time) were determined with allowance for possible

formation of the impurity phases during synthesis. The construction features of diffractometers with a

position-sensitive detector affecting the profile characteristics of x-ray diffraction peaks are considered.

The composition for calibration of the diffractometer (a mixture of sodium acetate and yttrium oxide) was

determined. Theoretical x-ray diffraction patterns for corresponding calcium phosphates are constructed

on the basis of the literature data. These x-ray diffraction patterns were used to determine the phase
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composition of the advanced calcium phosphates. The features of advanced calcium phosphates, which

should be taken into account during the phase analysis, are indicated. The powder of high-temperature

form of tricalcium phosphate strongly adsorbs water from the environment. A strong texture is observed

on the x-ray diffraction spectra of dicalcium phosphate dihydrate. A rather specific x-ray diffraction pat-

tern of octacalcium phosphate pentahydrate revealed the only one strong peak at small angles. In all cases,

significant deviations are observed for the recorded angular positions and relative intensity of the diffrac-

tion peaks. The results of the study of experimentally obtained mixtures of calcium phosphate are pre-

sented. It is shown that the graphic comparison of experimental x-ray diffraction spectra and pre-recorded

spectra of the reference calcium phosphates and possible impurity phases is the most effective method. In

this case, there is no need for calibration. When using this method, the total time for analysis of one sam-

ple is no more than 10 min.

Keywords: x-ray diffraction study; position-sensitive detector; calibration; advanced calcium phosphates;

impurity phases; phase composition.

Ââåäåíèå

Â ïîñëåäíèå ãîäû ïðè äèàãíîñòèêå ìàòåðèà-

ëîâ øèðîêîå ïðèìåíåíèå íàõîäÿò ðåíòãåíîâñêèå

äèôðàêòîìåòðû ñ ïîçèöèîííî-÷óâñòâèòåëüíûìè

(èëè êîîðäèíàòíûìè) äåòåêòîðàìè [1, 2]. Ïî

ñðàâíåíèþ ñ òðàäèöèîííî èñïîëüçóåìûìè äëÿ

ïðîâåäåíèÿ ôàçîâîãî àíàëèçà ïðèáîðàìè ñ ñöèí-

òèëëÿöèîííûìè äåòåêòîðàìè îíè èìåþò ðÿä ïðå-

èìóùåñòâ. Ïðåæäå âñåãî âðåìÿ, íåîáõîäèìîå äëÿ

ðåãèñòðàöèè äèôðàêöèîííûõ ñïåêòðîâ, çíà÷è-

òåëüíî ñîêðàùàåòñÿ, à èíòåíñèâíîñòü ðåãèñòðè-

ðóåìûõ ïèêîâ ïîâûøàåòñÿ. Îäíàêî íåîáõîäèìî

ó÷èòûâàòü, ÷òî ïðè ðàáîòå ïî ìåòîäó íà îòðàæå-

íèå äëÿ êàæäîãî ôèêñèðîâàííîãî ïîëîæåíèÿ

ðåíòãåíîâñêîé òðóáêè è äåòåêòîðà òðåáóåòñÿ êà-

ëèáðîâêà ïðèáîðà, êîòîðàÿ óâåëè÷èâàåò ïðîäîë-

æèòåëüíîñòü àíàëèçà [3].

Öåëü ðàáîòû — èññëåäîâàíèå ôàçîâîãî ñî-

ñòàâà ïåðñïåêòèâíûõ ôîñôàòîâ êàëüöèÿ ñ ïî-

ìîùüþ ðåíòãåíîâñêîãî äèôðàêòîìåòðà ñ èçîãíó-

òûì ïîçèöèîííî-÷óâñòâèòåëüíûì äåòåêòîðîì

ìåòîäîì íàëîæåíèÿ ðåíòãåíîäèôðàêöèîííûõ

ñïåêòðîâ, èñêëþ÷àþùèì âðåìåííûå çàòðàòû íà

êàëèáðîâêó.

Ìàòåðèàëû, ìåòîäû, îáîðóäîâàíèå

Èñïîëüçîâàëè äèôðàêòîìåòð «Äèôðåé-401»

ñ áëîêîì äåòåêòèðîâàíèÿ íà îñíîâå èçîãíóòîãî

êîîðäèíàòíîãî äåòåêòîðà (ãàçîâàÿ ñìåñü — êñå-

íîí-ìåòàí, ðàäèóñ èçãèáà — 114 ìì, óãëîâîé ðàñ-

òâîð — 55°, ÷èñëî êàíàëîâ àíàëîãî-öèôðîâîãî

ïðåîáðàçîâàòåëÿ — 4000) [4]. Â ïðèáîðå ðåàëèçî-

âàíà ðåíòãåíîîïòè÷åñêàÿ ñõåìà íà îòðàæåíèå,

ïðè êîòîðîé ðåíòãåíîâñêàÿ òðóáêà è áëîê äåòåê-

òèðîâàíèÿ â ïðîöåññå ðåãèñòðàöèè ðåíòãåíîäèô-

ðàêöèîííîãî ñïåêòðà çàôèêñèðîâàíû â íåîáõî-

äèìûõ ïîëîæåíèÿõ è íåïîäâèæíû (ðèñ. 1). Äëÿ

îïðåäåëåíèÿ óãëîâûõ ïîëîæåíèé äèôðàêöèîí-

íûõ ïèêîâ ïðåäâàðèòåëüíî ïðîâîäèëè êàëèáðîâ-

êó äèôðàêòîìåòðà ïî ñòàíäàðòíûì îáðàçöàì.

Êîíòðîëü ôàçîâîãî ñîñòàâà ïðîäóêòîâ ñèíòå-

çà ïðåäïîëàãàåò èñïîëüçîâàíèå áàçû ðåíòãåíî-

ìåòðè÷åñêèõ äàííûõ PDF (Powder Diffraction

File) (äëÿ íåîðãàíè÷åñêèõ ñîåäèíåíèé — áàçà äè-

ôðàêöèîííûõ äàííûõ PDF2) [5]. Àëüòåðíàòèâà

áàçå PDF — ñîïîñòàâëåíèå ýêñïåðèìåíòàëüíûõ

ðåçóëüòàòîâ ñ ðàññ÷èòàííûìè òåîðåòè÷åñêè ïî

ëèòåðàòóðíûì èñòî÷íèêàì äàííûìè. Òàêîé ïîä-

õîä èìååò îïðåäåëåííûå ïðåèìóùåñòâà, ïîñêîëü-

êó èñêëþ÷àåò íåîáõîäèìîñòü ïåðåñ÷åòà èç óãëîâ â

ìåæïëîñêîñòíûå ðàññòîÿíèÿ. Êðîìå òîãî, ìîæíî

èñïîëüçîâàòü ëþáîå èçëó÷åíèå, â ÷àñòíîñòè, èç-

ëó÷åíèå õðîìà (ñòàíäàðòû PDF, îñîáåííî ðàííèå,

ïîëó÷åíû íà èçëó÷åíèè ìåäè). Áàçà äàííûõ ñî-

äåðæèò øòðèõ-äèàãðàììû ñîåäèíåíèé, à íå èõ

ðåíòãåíîäèôðàêöèîííûå ñïåêòðû, ÷òî ãîðàçäî

ìåíåå íàãëÿäíî. Ó÷èòûâàÿ âñå ýòî, èñïîëüçîâàëè

ñîïîñòàâëåíèå ýêñïåðèìåíòàëüíûõ äàííûõ ñ

ðàñ÷åòíûìè.

Ê ïåðñïåêòèâíûì ôîñôàòàì êàëüöèÿ îòíî-

ñÿò, ïðåæäå âñåãî, òå, êîòîðûå íàõîäÿò ïðèìåíå-

íèå â áèîìåäèöèíå. Èññëåäîâàëè ñëåäóþùèå ñî-

åäèíåíèÿ: ãèäðîêñèàïàòèò Ca10(PO4)6(OH)2 (ÃÀ);
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Ðèñ. 1. Ðåíòãåíîîïòè÷åñêàÿ ñõåìà äèôðàêòîìåòðà «Äè-

ôðåé-401»: Ô — ôîêóñ ðåíòåíîâñêîé òðóáêè, ðàñïîëîæåí-

íûé íà ôîêóñèðóþùåé îêðóæíîñòè; N — íîðìàëü ê ïî-

âåðõíîñòè îáðàçöà; Ï×Ä — ïîçèöèîííî-÷óâñòâèòåëüíûé

äåòåêòîð; á — óãîë ñêîëüæåíèÿ; ä1, ä2 — óãëû äèôðàêöèè

(ïóíêòèðîì ïîêàçàíî îêíî äåòåêòîðà ñ ðàñïîëîæåííûì

ïåðåä íèì ôèëüòðîì — âàíàäèåâîé ôîëüãîé, æèðíîé ëè-

íèåé — àíîä äåòåêòîðà)

Fig. 1. X-ray optics scheme of a Difray-401 diffractometer:

Ô — the focus of the x-ray tube located on the focusing

circle; N — normal to the sample surface; PSD — the posi-

tion-sensitive detector; á — the incident angle; ä1, ä2 — dif-

fraction angles (the dotted line shows the detector window

with the filter (vanadium foil) located in front of it, the bold

line — anode of the detector)



íèçêî- è âûñîêîòåìïåðàòóðíûå ôîðìû òðèêàëü-

öèéôîñôàòà (âèòëîêèòà) â-Ca3(PO4)2 (â-ÒÊÔ) è

á-Ca3(PO4)2 (á-ÒÊÔ); äèêàëüöèéôîñôàò äèãèäðàò

(«áðóøèò») CaHPO4 · 2H2Î (ÄÊÔÄ); îêòàêàëü-

öèéôîñôàò ïåíòàãèäðàò Ca8(HPO4)2(PO4)4 · 5H2O

(ÎÊÔ).

Èññëåäóåìûå îáðàçöû õàðàêòåðèçóþòñÿ

áîëüøèìè ýëåìåíòàðíûìè ÿ÷åéêàìè è, êàê ïðà-

âèëî, íèçêîé ñèììåòðèåé, ïîýòîìó èõ ðåíòãåíî-

äèôðàêöèîííûå ñïåêòðû ñîäåðæàò äîñòàòî÷íî

ìíîãî ÷àñòè÷íî ïåðåêðûâàþùèõñÿ äèôðàêöèîí-

íûõ ïèêîâ, ÷òî ñóùåñòâåííî çàòðóäíÿåò ôàçîâûé

àíàëèç. Ðàçäåëåíèþ ïåðåêðûâàþùèõñÿ ïèêîâ

ñïîñîáñòâóåò ðåíòãåíîâñêîå èçëó÷åíèå ñ áîëüøîé

äëèíîé âîëíû, â ÷àñòíîñòè, èçëó÷åíèå õðîìà,

ïîýòîìó íà ïðèáîðå óñòàíîâèëè ðåíòãåíîâñêóþ

òðóáêó ñ õðîìîâûì àíîäîì. Êðîìå òîãî, ïðè

èñïîëüçîâàíèè õðîìà äèôðàêöèîííûå ïèêè äëÿ

ÄÊÔÄ è ÎÊÔ, ïîïàäàþùèå â îáëàñòü ìàëûõ

óãëîâ, íàèáîëåå èíòåíñèâíû. Äëÿ èñêëþ÷åíèÿ

Kâ-èçëó÷åíèÿ, ñîïóòñòâóþùåãî Ká-èçëó÷åíèþ,

èñïîëüçîâàëè âàíàäèåâûé ôèëüòð, êîòîðûé ïî-

ìåùàëè ïåðåä áëîêîì äåòåêòèðîâàíèÿ (ñì.

ðèñ. 1).

Äëÿ êàëèáðîâêè äèôðàêòîìåòðà ïðèìåíÿëè

ñìåñü àöåòàòà íàòðèÿ CH3COONa (åãî ÷àñòî èñ-

ïîëüçóþò ïðè æèäêîôàçíîì ñèíòåçå ôîñôàòîâ

êàëüöèÿ) è îêñèäà èòòðèÿ Y2O3 (õàðàêòåðèçóåòñÿ

íàëè÷èåì èíòåíñèâíûõ íåïåðåêðûâàþùèõñÿ äè-

ôðàêöèîííûõ ïèêîâ) [8, 9]. Íàèëó÷øèì îêàçà-

ëîñü ñîîòíîøåíèå 2:1 (ïî ìàññå).

Òåîðåòè÷åñêèå ðåíòãåíîäèôðàêöèîííûå ñïåê-

òðû ðàññ÷èòûâàëè ñ ïîìîùüþ ïðîãðàììû Pow-

der Cell [7]. Îòìåòèì, ÷òî ïðîãðàììà ïîçâîëÿëà

ìîäåëèðîâàòü ñïåêòðû íå òîëüêî îòäåëüíûõ ñî-

åäèíåíèé, íî è èõ ñìåñåé â çàðàíåå âûáðàííîì

ñîîòíîøåíèè. Íàèáîëåå èíòåíñèâíûå äèôðàêöè-

îííûå ïèêè ëåæàò â äèàïàçîíå 5 – 65° ïî øêàëå

2è.

Ñèíòåç ôîñôàòîâ îñóùåñòâëÿþò ìåòîäàìè

îñàæäåíèÿ èç ðàñòâîðîâ, òâåðäîôàçíîãî èëè ãèä-

ðîòåðìàëüíîãî ñèíòåçîâ [10]. Ïðè ýòîì íà ïðîòå-

êàíèå õèìè÷åñêèõ ðåàêöèé âëèÿåò ìíîæåñòâî

ôàêòîðîâ, ÷òî ïðèâîäèò ê ïîÿâëåíèþ â ïðîäóê-

òàõ ñèíòåçà ïîáî÷íûõ (ïðèìåñíûõ) ôàç (òàáë. 1).

Ñ ïîìîùüþ ðåíòãåíîâñêîãî äèôðàêòîìåòðà

Ultima IV (ßïîíèÿ) óñòàíîâèëè, ÷òî àíàëèçèðóå-

ìûå îáðàçöû îäíîôàçíûå. Óãëû ñêîëüæåíèÿ è

óñòàíîâêè äåòåêòîðà ïîäáèðàëè òàêèì îáðàçîì,

÷òîáû íàèáîëåå èíòåíñèâíûå ïèêè ïðèõîäèëèñü

íà ñåðåäèíó øêàëû. Ðåãèñòðèðóåìûé çà îäíó

ñúåìêó óãëîâîé äèàïàçîí ñîñòàâëÿë íåìíîãèì áî-

ëåå 40°.

Äëÿ ñðàâíåíèÿ ìåæïëîñêîñòíûõ ðàññòîÿíèé

è èíòåíñèâíîñòåé äèôðàêöèîííûõ ïèêîâ ýêñïå-

ðèìåíòàëüíûõ ñïåêòðîâ è ñîîòâåòñòâóþùèõ äàí-

íûõ äëÿ ñòàíäàðòîâ ÷àùå âñåãî ïðèìåíÿþò ìåòîä

Õàíàâàëüòà, ïðè êîòîðîì ñîåäèíåíèÿ îòáèðàþò

ïî òðåì íàèáîëåå èíòåíñèâíûì ïèêàì [6]. Ðåãè-

ñòðèðîâàëè òðè ñàìûõ èíòåíñèâíûõ äèôðàêöè-

îííûõ ïèêà, îòâå÷àþùèõ ñèíòåçèðóåìîé ôàçå.

Âî âñåõ ñëó÷àÿõ, êðîìå ÄÊÔÄ, áûëî äîñòàòî÷íî

îäíîé ñúåìêè. Ïðè ýòîì âðåìÿ äëÿ ïîëó÷åíèÿ

ýêñïåðèìåíòàëüíûõ äàííûõ (äâà óãëîâûõ äèàïà-

çîíà) ñîñòàâëÿëî íå áîëåå 10 ìèí.

Ïîñêîëüêó óãîë óñòàíîâêè ðåíòãåíîâñêîé

òðóáêè áûë ïîñòîÿíåí, ðåíòãåíîîïòè÷åñêàÿ ñõåìà

äèôðàêòîìåòðà ñîîòâåòñòâîâàëà ôîêóñèðóþùåé

ñõåìå Áðýããà — Áðåíòàíî òîëüêî äëÿ îäíîãî óãëà

ñêîëüæåíèÿ á, ðàâíîãî óãëó äèôðàêöèè ä1 (ñì.

ðèñ. 1). Íåðàâåíñòâî óãëîâ á è ä2 ïðèâîäèò ê ñìå-

ùåíèþ ïèêîâ, èçìåíåíèþ èõ ôîðìû è îòíîñè-

òåëüíîé èíòåíñèâíîñòè.

Îáñóæäåíèå ðåçóëüòàòîâ

Íà ðèñ. 2 ïðèâåäåíû ýêñïåðèìåíòàëüíûå è

òåîðåòè÷åñêèå ñïåêòðû èññëåäóåìûõ ôîñôàòîâ.

Âåðòèêàëüíûìè ëèíèÿìè îáîçíà÷åíû äèôðàêöè-

îííûå ïèêè, äëÿ êîòîðûõ ïðîâîäèëè ñðàâíåíèå

óãëîâûõ ïîëîæåíèé ñ òåîðåòè÷åñêè ðàññ÷èòàííû-

ìè. Óñëîâèÿ ïîëó÷åíèÿ ñïåêòðîâ: ÃÀ, â- è á-ÒÊÔ,

ÄÊÔÄ (ñì. ðèñ. 2, è, ê) — óãëû óñòàíîâêè ðåíòãå-

íîâñêîé òðóáêè è äåòåêòîðà — 20 è 25°, ùåëü —

0,3 ìì, ýêñïîçèöèÿ — 300 ñ; ÄÊÔÄ (ñì. ðèñ. 2,

æ, ç) — óãëû óñòàíîâêè ðåíòãåíîâñêîé òðóáêè

è äåòåêòîðà — 5 è 25°, ùåëü — 0,3 ìì, ýêñïîçè-

öèÿ — 300 ñ; ÎÊÔ — óãëû óñòàíîâêè ðåíòãåíîâ-

ñêîé òðóáêè è äåòåêòîðà — 5 è 20°, ùåëü —

0,2 ìì, ýêñïîçèöèÿ — 600 ñ.

Âèäíî, ÷òî îòíîñèòåëüíûå èíòåíñèâíîñòè

äèôðàêöèîííûõ ïèêîâ ÃÀ è â-ÒÊÔ õîðîøî

ñîãëàñóþòñÿ ìåæäó ñîáîé, õóäøåå ñîâïàäåíèå íà-

áëþäàåòñÿ íà êðàåâûõ ó÷àñòêàõ ñïåêòðîâ. Âìåñòå

ñ òåì óãëîâûå ïîëîæåíèÿ ïèêîâ (ñì. òàáë. 2)

ñóùåñòâåííî îòëè÷àþòñÿ îò òåîðåòè÷åñêèõ.

Îòìåòèì, ÷òî â íåêîòîðûõ ñëó÷àÿõ âìåñòî ñòå-

õèîìåòðè÷åñêîãî ÃÀ ìîæåò îáðàçîâûâàòüñÿ

àïàòèòíàÿ ôàçà ñ äåôèöèòîì ïî êàëüöèþ

Ca1 – x(HPO4)x(PO4)6 – x(OH)2 – x (0 � x � 1) [22, 23],

êîòîðàÿ õàðàêòåðèçóåòñÿ î÷åíü øèðîêèìè äè-

ôðàêöèîííûìè ïèêàìè.
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Òàáëèöà 1. Ïåðñïåêòèâíûå ôîñôàòû êàëüöèÿ è íàèáî-

ëåå ÷àñòî âñòðå÷àþùèåñÿ ïðèìåñíûå ôàçû [11 – 21]

Table 1. Advanced calcium phosphates and the most com-

mon impurity phases [11 – 21]

Ñîåäèíåíèå Ïðèìåñíûå ôàçû

ÃÀ â-Ca
3
(PO

4
)
2
, Ca

4
(PO

4
)
2
O, CaO, CaCO

3

â-ÒÊÔ á-Ca
3
(PO

4
)
2
, â-Ca

2
P

2
O

7

á-ÒÊÔ â-Ca
3
(PO

4
)
2
, â-Ca

2
P

2
O

7
, á-Ca

2
P

2
O

7

ÄÊÔÄ á-Ca
3
(PO

4
)
2
, CaHPO

4

ÎÊÔ Ca
10

(PO
4
)
6
(OH)

2
, CaHPO

4
, CaHPO

4
· 2H

2
Î,

á-Ca
3
(PO

4
)
2



Íà ðåíòãåíîäèôðàêöèîííûõ ñïåêòðàõ îáðàç-

öîâ á-ÒÊÔ îòñóòñòâîâàëè õàðàêòåðíûå ïèêè.

Îêàçàëîñü, ÷òî íà ïîâåðõíîñòè ïîðîøêîâ á-ÒÊÔ

îáðàçóåòñÿ ïëåíêà, ÷åðåç êîòîðóþ íå ïðîõîäèò

äëèííîâîëíîâîå èçëó÷åíèå õðîìà. Íàëè÷èå ïî-

ãëîùåííîé âîäû (îáðàçöû ñèëüíî àäñîðáèðóþò

âîäó èç îêðóæàþùåé ñðåäû) ïîäòâåðäèëè äàí-

íûå ÈÊ-ñïåêòðîñêîïèè è ïîëó÷åííûé ïîñëå íà-

ãðåâà (70° C) íåîáõîäèìûé ðåíòãåíîäèôðàêöèîí-

íûé ñïåêòð. Êðîìå òîãî, äëÿ á-ÒÊÔ íàáëþäàåòñÿ
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Ðèñ. 2. Ýêñïåðèìåíòàëüíûé è òåîðåòè÷åñêèé ðåíòãåíîäèôðàêöèîííûå ñïåêòðû ÃÀ (à, á), â-ÒÊÔ (â, ã), á-ÒÊÔ (ä, å),

ÄÊÔÄ (æ – ê) è ÎÊÔ (ë, ì) ñîîòâåòñòâåííî

Fig. 2. Experimental and theoretical x-ray diffraction patterns of HA (a, b), â-TCP (c, d), á-TCP (e, f), DCPD (g – j), and OCP

(k, l), respectively



áîëüøîå îòêëîíåíèå â èíòåíñèâíîñòÿõ äèôðàê-

öèîííûõ ïèêîâ è â èõ óãëîâûõ ïîëîæåíèÿõ îòíî-

ñèòåëüíî òåîðåòè÷åñêèõ çíà÷åíèé.

Â ñëó÷àå ÄÊÄÔ äëÿ ðåãèñòðàöèè èíòåíñèâ-

íûõ ïèêîâ ïðîâåëè äâå ñúåìêè. Âûÿâèëè ñóùåñò-

âåííîå îòëè÷èå â èíòåíñèâíîñòÿõ çàðåãèñòðèðî-

âàííûõ äèôðàêöèîííûõ ïèêîâ è òåîðåòè÷åñêèõ

[24]. Ïëàñòèí÷àòàÿ ôîðìà êðèñòàëëîâ áðóøèòà

ïðèâîäèò ê òîìó, ÷òî íà ñïåêòðàõ ïðîÿâëÿåòñÿ

ÿðêî âûðàæåííàÿ ïðåäïî÷òèòåëüíàÿ îðèåíòàöèÿ

êðèñòàëëèòîâ, êîòîðàÿ òðóäíî óñòðàíèìà. Îòêëî-

íåíèÿ óãëîâûõ ïîëîæåíèé äèôðàêöèîííûõ ïè-

êîâ âåñüìà çíà÷èòåëüíû.

Íà ðåíòãåíîäèôðàêöèîííîì ñïåêòðå ÎÊÔ

ïðèñóòñòâóåò ïðàêòè÷åñêè åäèíñòâåííûé èíòåí-

ñèâíûé ïèê, íàõîäÿùèéñÿ â îáëàñòè ìàëûõ (8°)

óãëîâ. Ïèêè, ðàñïîëîæåííûå â îáëàñòè 40°,

õàðàêòåðèçóþòñÿ çíà÷èòåëüíûì íåñîîòâåòñòâèåì

ñ òåîðåòè÷åñêèì ñïåêòðîì. Îòêëîíåíèÿ óãëîâûõ

ïîëîæåíèé äèôðàêöèîííûõ ïèêîâ òàêæå âåëèêè.
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Òàáëèöà 2. Óãëîâûå ïîëîæåíèÿ è îòíîñèòåëüíûå èíòåíñèâíîñòè íàèáîëåå ñèëüíûõ äèôðàêöèîííûõ ïèêîâ èññëåäóå-

ìûõ îáðàçöîâ

Table 2. Angular positions and relative intensities of the strongest diffraction peaks

Îáðàçåö

Ýêñïåðèìåíòàëüíûå äàííûå Òåîðåòè÷åñêîå óãëîâîå

ïîëîæåíèå ïèêà, ãðàä

Îòêëîíåíèå â óãëîâîì

ïîëîæåíèè ïèêà, ãðàä.Óãëîâîå ïîëîæåíèå ïèêà, ãðàä. Îòíîñèòåëüíàÿ èíòåíñèâíîñòü, %

ÃÀ 37,87 28 38,85 +0,98

42,57 17 42,33 –0,24

47,47 100 48,06 +0,59

48,20 47 48,67 +0,47

49,44 59 49,86 +0,42

51,38 23 51,62 +0,24

59,91 26 60,87 +0,96

â-ÒÊÔ 37,81 24 38,69 +0,88

40,89 54 41,83 +0,94

46,29 100 46,82 +0,53

48,76 21 49,05 +0,31

51,94 73 52,06 +0,12

á-ÒÊÔ 32,31 18 33,16 +0,85

33,32 24 34,11 +0,79

33,56 34 34,30 +0,74

35,10 35 36,17 +1,07

35,40 60 36,34 +0,94

44,12 16 44,73 +0,61

45,22 13 45,79 +0,57

45,86 93 46,35 +0,49

46,79 22 47,21 +0,42

48,21 12 48,51 +0,30

51,78 100 51,85 +0,07

52,36 24 52,26 –0,10

32,31 18 33,16 +0,85

ÄÊÔÄ 17,06 100 17,35 +0,29

30,51 38 31,36 +0,85

43,17 100 44,16 +0,99

51,57 24 51,76 +0,19

62,63 24 63,67 +1,04

ÎÊÔ 7,47 100 7,04 –0,43

13,93 16 14,02 +0,09

14,26 17 14,58 +0,32

23,59 7 24,00 +0,41

34,42 53 39,19 +0,77



Äëÿ èäåíòèôèêàöèè õèìè÷åñêèõ ñîåäèíåíèé

äîïóñêàåìîå îòêëîíåíèå îò ñòàíäàðòíûõ çíà÷å-

íèé äîëæíî ñîñòàâëÿòü 0,2 – 0,5°. Ïîýòîìó ïðè

ðåíòãåíîôàçîâîì àíàëèçå èñïîëüçîâàëè íå ñòàí-

äàðòíûé ïîäõîä, âêëþ÷àþùèé ïîëó÷åíèå ìåæ-

ïëîñêîñòíûõ ðàññòîÿíèé (èëè óãëîâûõ ïîëî-

æåíèé äèôðàêöèîííûõ ïèêîâ) è îòíîñèòåëüíûõ

èíòåíñèâíîñòåé çàðåãèñòðèðîâàííûõ äèôðàêöè-

îííûõ ïèêîâ ñ ïîñëåäóþùèì ñðàâíåíèåì ñî ñòàí-

äàðòàìè áàçû äàííûõ, à ìåòîä íàëîæåíèÿ ðåíò-

ãåíîäèôðàêöèîííûõ ñïåêòðîâ. Â ýòîì ñëó÷àå êà-

ëèáðîâêà ïðèáîðà íåîáÿçàòåëüíà. Ðåíòãåíîäèô-

ðàêöèîííûå ñïåêòðû ìîãóò áûòü ñîïîñòàâëåíû â

êîîðäèíàòàõ êàíàë – èíòåíñèâíîñòü.

Äëÿ ðåàëèçàöèè ìåòîäà íàëîæåíèÿ íåîáõî-

äèìî èìåòü ðåíòãåíîäèôðàêöèîííûå ñïåêòðû

÷èñòûõ îáðàçöîâ è âîçìîæíûõ ïðèìåñíûõ ôàç,

çàðåãèñòðèðîâàííûå ïðè îäíèõ è òåõ æå ýêñïåðè-

ìåíòàëüíûõ óñëîâèÿõ (óãëû óñòàíîâêè ðåíòãå-

íîâñêîé òðóáêè è äåòåêòîðà, íàïðÿæåíèå è òîê íà

òðóáêå è äð.). Ïîñêîëüêó â íàøåì ñëó÷àå êîëè-

÷åñòâî èññëåäóåìûõ îáðàçöîâ è ïðèìåñíûõ ôàç

íåâåëèêî, íàáîð óãëîâûõ ïîëîæåíèé òðóáêè è

äåòåêòîðà, ïðè êîòîðûõ ðåãèñòðèðóþòñÿ ìàê-

ñèìàëüíûå äèôðàêöèîííûå ïèêè, òàêæå îãðà-

íè÷åí.

Íà ðèñ. 3 ïðèâåäåíû ñïåêòðû â-ÒÊÔ, ÃÀ è èõ

ñìåñè, íà ðèñ. 4 — ñïåêòðû â-ÒÊÔ ñ ïðèìåñüþ

áåòà-ïèðîôîñôàòà êàëüöèÿ, â-ÒÊÔ áåç ïðèìåñè è

áåòà-ïèðîôîñôàòà êàëüöèÿ. Ñòðåëêàìè ïîêàçàíû

äèôðàêöèîííûå ïèêè ÃÀ è áåòà-ïèðîôîñôàòà

êàëüöèÿ ñîîòâåòñòâåííî, êîòîðûå ïðèñóòñòâóþò

íà ñìåñåâûõ ñïåêòðàõ è íå ñîâïàäàþò ñ ïèêàìè

â-ÒÊÔ.

Çàêëþ÷åíèå

Òàêèì îáðàçîì, ïðîâåäåííûå èññëåäîâàíèÿ

ïîêàçàëè, ÷òî ïðè ôàçîâîì êîíòðîëå ïåðñïåêòèâ-

íûõ ôîñôàòîâ êàëüöèÿ ñ èñïîëüçîâàíèåì ðåíòãå-

íîâñêîãî äèôðàêòîìåòðà ñ èçîãíóòûì ïîçèöèîí-

íî-÷óâñòâèòåëüíûì äåòåêòîðîì íàèáîëåå ýôôåê-

òèâåí ìåòîä ãðàôè÷åñêîãî íàëîæåíèÿ ýêñïåðè-

ìåíòàëüíûõ ðåíòãåíîäèôðàêöèîííûõ ñïåêòðîâ è

ñïåêòðîâ ýòàëîííûõ îáðàçöîâ è âîçìîæíûõ ïðè-

ìåñíûõ ôàç. Åãî èñïîëüçîâàíèå ïîçâîëÿåò îïåðà-

òèâíî êîíòðîëèðîâàòü ýôôåêòèâíîñòü ñèíòåçà

ñîåäèíåíèÿ è íàëè÷èå â íåì ïðèìåñíûõ ôàç.
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Ðèñ. 3. Ðåíòãåíîäèôðàêöèîííûå ñïåêòðû â-ÒÊÔ (2), ÃÀ

(3) è èõ ñìåñè (1)

Fig. 3. X-ray diffraction patterns of â-TCP (2), HA (3), and

their mixture (1)
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1

3

Ðèñ. 4. Ðåíòãåíîäèôðàêöèîííûå ñïåêòðû â-ÒÊÔ ñ ïðè-

ìåñüþ áåòà-ïèðîôîñôàòà êàëüöèÿ (1), â-ÒÊÔ áåç ïðèìå-

ñåé (2) è áåòà-ïèðîôîñôàòà êàëüöèÿ (3)
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