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Ñóùåñòâóþùàÿ â íàñòîÿùåå âðåìÿ ñèñòåìà êîíòðîëÿ òåìïåðàòóðû ýëåêòðîòåðìè÷åñêîãî

àòîìèçàòîðà (ÝÒÀ), ïðèìåíÿþùåãîñÿ â àòîìíî-àáñîðáöèîííîì ñïåêòðîìåòðå äëÿ îäíîâðå-

ìåííîãî ìíîãîýëåìåíòíîãî àíàëèçà, ïðè âñåõ ñâîèõ äîñòîèíñòâàõ íåñïîñîáíà îáåñïå÷èòü

âûñîêèå õàðàêòåðèñòèêè ðåçóëüòàòîâ àíàëèçà ïðè óòðàòå àêòóàëüíîñòè êàëèáðîâêè âñòðî-

åííîãî îïòè÷åñêîãî ïèðîìåòðà, êîòîðàÿ îáóñëîâëåíà åñòåñòâåííûìè ïðîöåññàìè èçíîñà

ãðàôèòîâûõ êþâåò â õîäå èõ ýêñïëóàòàöèè. Êîíòðîëü ðàáîòîñïîñîáíîñòè ÝÒÀ ñ ïîìîùüþ

âíåøíåãî êàëèáðîâàííîãî ïèðîìåòðà òðóäîåìîê. Öåëåñîîáðàçíî èñïîëüçîâàòü äëÿ òàêîãî

êîíòðîëÿ çàâèñèìîñòü òåìïåðàòóðû îò âðåìåíè ïîÿâëåíèÿ àòîìíûõ ïàðîâ ýëåìåíòîâ. Èñ-

ñëåäîâàíà âîçìîæíîñòü êîíòðîëÿ òåìïåðàòóðû ãðàôèòîâûõ êþâåò â ýëåêòðîòåðìè÷åñêîì

àòîìèçàòîðå àòîìíî-àáñîðáöèîííîãî ñïåêòðîìåòðà ñ èñòî÷íèêîì íåïðåðûâíîãî ñïåêòðà ïî

çàâèñèìîñòè ñèãíàëîâ ïîãëîùåíèÿ ýëåìåíòîâ îò âðåìåíè. Ïðàâèëüíîñòü êàëèáðîâêè ïðî-

âåðÿëè ïóòåì ðåãèñòðàöèè ñèãíàëîâ ïîãëîùåíèÿ ïðîáû, ñîäåðæàùåé õèìè÷åñêèå ýëåìåí-

òû ðàçëè÷íîé ëåòó÷åñòè, è ïîñëåäóþùåé îöåíêè ìîìåíòà âðåìåíè è ñîîòâåòñòâóþùåé åìó

òåìïåðàòóðû ïîÿâëåíèÿ àòîìíûõ ïàðîâ ýëåìåíòîâ. Â ðåçóëüòàòå ïîëó÷åíû òåìïåðàòóðû

ïîÿâëåíèÿ àòîìíûõ ïàðîâ Al, Cd, In, Mn, Ni, Pb è V, ëåæàùèå â äèàïàçîíå 640 – 1940 °C.

Ïðè èçìåíåíèè ñêîðîñòè íàãðåâà áîëåå ÷åì â 3 ðàçà òåìïåðàòóðà ïîÿâëåíèÿ ïàðîâ äëÿ âû-

áðàííûõ ýëåìåíòîâ èçìåíÿåòñÿ ìåíåå ÷åì íà 5 %. Ïîñðåäñòâîì èçìåíåíèÿ êàëèáðîâêè

âñòðîåííîãî îïòè÷åñêîãî ïèðîìåòðà ìîäåëèðîâàëè ñèòóàöèþ óòðàòû àêòóàëüíîñòè êàëèá-

ðîâêè ñ èçíîñîì ãðàôèòîâîé êþâåòû. Ïîêàçàíî ñìåùåíèå ãðàôèêà êîððåëÿöèè ìåæäó ðåà-

ëüíîé è èçìåðåííîé òåìïåðàòóðîé ïîÿâëåíèÿ ïàðîâ ýëåìåíòîâ ïðè íåêîððåêòíîé êàëèá-

ðîâêå ïèðîìåòðà îáðàòíîé ñâÿçè. Ïðåäñòàâëåííûé â ðàáîòå ìåòîä ìîæåò èñïîëüçîâàòüñÿ

äëÿ ïðîâåðêè ïðàâèëüíîñòè êàëèáðîâêè âñòðîåííîãî ïèðîìåòðà, à òàêæå äëÿ îïðåäåëåíèÿ

íåîáõîäèìîñòè çàìåíû ãðàôèòîâîé êþâåòû, èñ÷åðïàâøåé ñâîé ðåñóðñ.
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The current system of the temperature control for the electrothermal atomizer (ETA) used in atomic ab-

sorption spectrometers for simultaneous multielement analysis, is unable to provide high characteristics

of the analysis when the calibration of the built-in optical pyrometer becomes irrelevant due to the natural

wear of graphite cells upon operation. As the control of the ETA efficiency using an external calibrated py-

rometer is laborious, it is advisable to use the dependence of temperature on the time of appearance of

atomic vapors of elements. We have studied the possibility of controlling the temperature of graphite cells
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in the electrothermal atomizer of a multielement atomic absorption spectrometer with a continuous spec-

trum source by the time dependence of absorption signals of chemical elements. The correctness of the cal-

ibration was checked by recording the absorption signals of a sample containing chemical elements of dif-

ferent volatility with subsequent evaluation of the time and the corresponding temperature of the appear-

ance of atomic vapors of the elements. The obtained temperatures of the appearance of atomic vapors of

Al, Cd, In, Mn, Ni, Pb and V ranged within 640 – 1940°C. When the heating rate is changed by a factor of

more than 3, the vapor appearance temperature for the selected elements differs by less than 5%. Using a

deliberate change in the calibration of the built-in optical pyrometer, we have simulated a situation in

which the relevance of the calibration was lost, e.g., due to the wear of a graphite cell. The experiment re-

vealed a shift of the correlation graph between the actual and measured temperatures of the appearance of

vapors of elements in the case of incorrect calibration of the feedback pyrometer in the coordinates “Real

temperatures” — “Measured temperatures.” The method presented in the study can be used to check the

correctness of the calibration of the built-in pyrometer and to determine the necessity of replacing a worn

graphite cell.

Keywords: atomic absorption spectrometry; electrothermal atomizer; atomic vapor; multielement analy-

sis; optical pyrometry; emissivity; graphite furnace.

Ââåäåíèå

Â íàñòîÿùåå âðåìÿ àêòèâíî ðàçâèâàåòñÿ ìå-

òîä àòîìíî-àáñîðáöèîííîé ñïåêòðîìåòðèè ñ ýëåê-

òðîòåðìè÷åñêîé àòîìèçàöèåé äëÿ îäíîâðåìåííî-

ãî ìíîãîýëåìåíòíîãî àíàëèçà [1 – 5]. Êîíòðîëü

íàãðåâà ýëåêòðîòåðìè÷åñêîãî àòîìèçàòîðà (ÝÒÀ)

â àòîìíî-àáñîðáöèîííûõ ñïåêòðîìåòðàõ ñ èñòî÷-

íèêîì íåïðåðûâíîãî ñïåêòðà çà÷àñòóþ îñóùåñòâ-

ëÿåòñÿ ïîñðåäñòâîì ðåãèñòðàöèè òåïëîâîãî èçëó-

÷åíèÿ ãðàôèòîâîé êþâåòû [6] îïòè÷åñêèì ïèðî-

ìåòðîì íà îñíîâå InGaAs PIN-ôîòîäèîäà (ñïåê-

òðàëüíûé äèàïàçîí — 900 – 1700 íì), âêëþ÷åí-

íûì â ñèñòåìó îáðàòíîé ñâÿçè (ÎÑ). Ïèðîìåòð

èçìåðÿåò òåìïåðàòóðó â äèàïàçîíå 400 – 3000 °C

ñî ñêîðîñòüþ 1000 èçìåðåíèé/ñ. Ñòàáèëèçàöèÿ

òåìïåðàòóðû â ðåæèìå íàãðåâà âûøå 400 °C îñó-

ùåñòâëÿåòñÿ ñ ïîìîùüþ ïðîïîðöèîíàëüíî-èíòå-

ãðàëüíîãî ðåãóëÿòîðà â ìèêðîïðîöåññîðå ïëàòû

óïðàâëåíèÿ ÝÒÀ ñ ïîäáîðîì êîýôôèöèåíòîâ äëÿ

èñêëþ÷åíèÿ ïåðåðåãóëèðîâàíèÿ.

Âûñîêîå áûñòðîäåéñòâèå ïèðîìåòðà ÎÑ ïî-

çâîëÿåò äîáèòüñÿ ïëàâíîãî è òî÷íîãî âûõîäà íà

çàäàííóþ òåìïåðàòóðó ïðè âûñîêèõ ñêîðîñòÿõ åå

íàðàñòàíèÿ (äî 8000 °C/ñ). Ïðè ýòîì íåîáõîäèìà

êàëèáðîâêà ïèðîìåòðà ñ èñïîëüçîâàíèåì äîïîë-

íèòåëüíûõ èçìåðèòåëåé òåìïåðàòóðû, íàïðèìåð,

ñòàöèîíàðíîãî ýíåðãåòè÷åñêîãî ïèðîìåòðà «Òåð-

ìîêîíò-ÒÍ5Ñ1Ì» [7], ÷òî ñîïðÿæåíî ñ ðÿäîì

òðóäíîñòåé è íåóäîáñòâ, âîçíèêàþùèõ â ïðîöåññå

åãî ìîíòàæà è íàñòðîéêè. Íà îñíîâàíèè ðåçóëü-

òàòîâ ýòîé êàëèáðîâêè óñòàíàâëèâàåòñÿ ôóíê-

öèîíàëüíàÿ çàâèñèìîñòü òåìïåðàòóðû ãðàôè-

òîâîé êþâåòû àòîìèçàòîðà îò ñèãíàëà ÀÖÏ

ïèðîìåòðà ÎÑ, êîòîðàÿ àïïðîêñèìèðóåòñÿ ïîëè-

íîìîì 5-é ñòåïåíè (åãî êîýôôèöèåíòû çàïèñûâà-

þòñÿ â ïëàòó ïèðîìåòðà). Îòêàëèáðîâàííûé ïè-

ðîìåòð ÎÑ âûäàåò â ïëàòó óïðàâëåíèÿ çíà÷åíèÿ

òåìïåðàòóðû.

Îäíàêî ñ òå÷åíèåì âðåìåíè êàëèáðîâêà ìî-

æåò ñòàòü íåàêòóàëüíîé, íàïðèìåð, èç-çà èçìå-

íåíèÿ èçëó÷àòåëüíîé ñïîñîáíîñòè [8, 9] ãðàôèòî-

âîé êþâåòû â ïðîöåññå åå èçíîñà. Â ðåçóëüòàòå

âîçíèêàåò íåñîîòâåòñòâèå ðåàëüíûõ è çàäàííûõ

òåìïåðàòóð íàãðåâà, ÷òî ìîæåò ïðèâîäèòü ê óõóä-

øåíèþ õàðàêòåðèñòèê ðåçóëüòàòîâ àòîìíî-àá-

ñîðáöèîííîãî àíàëèçà. Ýòî äåëàåò àêòóàëüíîé çà-

äà÷ó êîíòðîëÿ òåìïåðàòóðû ãðàôèòîâîé êþâåòû

ïóòåì ðåãèñòðàöèè è àíàëèçà ñèãíàëîâ ïîãëîùå-

íèÿ õèìè÷åñêèõ ýëåìåíòîâ.

Èçâåñòíî, ÷òî õèìè÷åñêèå ýëåìåíòû îáëàäà-

þò ðàçíîé ëåòó÷åñòüþ [10], â ñâÿçè ñ ýòèì ïðåä-

ñòàâëÿåòñÿ öåëåñîîáðàçíûì èñïîëüçîâàòü çàâèñè-

ìîñòü òåìïåðàòóðû îò âðåìåíè ïîÿâëåíèÿ àòîì-

íûõ ïàðîâ ðÿäà ýëåìåíòîâ äëÿ êîíòðîëÿ íàãðåâà

ãðàôèòîâîé êþâåòû.

Ñðàâíèâ îäíîâðåìåííî çàðåãèñòðèðîâàííûå

ñèãíàëû ïîãëîùåíèÿ ýëåìåíòîâ è òåìïåðàòó-

ðû êþâåòû ñ çàâèñèìîñòÿìè ïðè ïåðâîíà÷àëüíîé

êàëèáðîâêå, ìîæíî ñäåëàòü âûâîä î íåîáõîäè-

ìîñòè ïåðåêàëèáðîâêè ïèðîìåòðà ÎÑ èëè çàìåíå

êþâåòû.

Öåëü äàííîé ðàáîòû — èññëåäîâàíèå âîçìîæ-

íîñòè êîíòðîëÿ òåìïåðàòóðû ãðàôèòîâûõ êþâåò

â ýëåêòðîòåðìè÷åñêîì àòîìèçàòîðå àòîìíî-àá-

ñîðáöèîííîãî ñïåêòðîìåòðà ñ èñòî÷íèêîì íå-

ïðåðûâíîãî ñïåêòðà ïóòåì àíàëèçà çàâèñèìîñòè

ñèãíàëîâ ïîãëîùåíèÿ õèìè÷åñêèõ ýëåìåíòîâ îò

âðåìåíè.

Ýêñïåðèìåíòàëüíàÿ ÷àñòü

Ýêñïåðèìåíòàëüíàÿ óñòàíîâêà ïðåäñòàâëÿ-

åò ñîáîé ïðîòîòèï ìàëîãàáàðèòíîãî àòîìíî-àá-

ñîðáöèîííîãî ñïåêòðîìåòðà ñ èñòî÷íèêîì íåïðå-

ðûâíîãî ñïåêòðà è ýëåêòðîòåðìè÷åñêèì àòîìèçà-

òîðîì [11]. Íà ðèñ. 1 ïðåäñòàâëåíà åå áëîê-ñõåìà.

Îñíîâíûìè ôóíêöèîíàëüíûìè óçëàìè óñòà-

íîâêè ÿâëÿþòñÿ: èñòî÷íèê èçëó÷åíèÿ — äåé-

òåðèåâàÿ ëàìïà Hamamatsu X2D2; ýëåêòðî-

òåðìè÷åñêèé àòîìèçàòîð ñ ãðàôèòîâîé êþâåòîé

ïðîäîëüíîãî íàãðåâà; èñòî÷íèê ïèòàíèÿ àòîìèçà-

òîðà; ñïåêòðîìåòð «Êîëèáðè-2» ñ ðàáî÷èì ñïåê-

òðàëüíûì äèàïàçîíîì 190 – 360 íì è ðàçðåøåíè-

åì 0,1 íì [12]. Óïðàâëåíèå óñòàíîâêîé îñóùåñòâ-

ëÿåòñÿ ÏÎ «Àòîì 3. 3» [13]. Â óñòàíîâêå èñïîëü-
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çóþòñÿ ãðàôèòîâûå êþâåòû ñ íàíåñåííûì ïèðî-

ëèòè÷åñêèì ïîêðûòèåì, êîòîðûå íàãðåâàþòñÿ äî

50 – 2700 °C çà ñ÷åò ïðîïóñêàíèÿ ÷åðåç íèõ ýëåê-

òðè÷åñêîãî òîêà. Óïðàâëåíèå íàãðåâîì îñóùåñòâ-

ëÿåòñÿ ïîñðåäñòâîì øèðîòíî-èìïóëüñíîé ìîäó-

ëÿöèè (ØÈÌ) íàïðÿæåíèÿ íà ãðàôèòîâîé êþâå-

òå ñ îáðàòíîé ñâÿçüþ ïî òåìïåðàòóðå, äëÿ èçìåðå-

íèÿ êîòîðîé èñïîëüçóåòñÿ âñòðîåííûé ïèðîìåòð

ÎÑ. Äëÿ çàùèòû ãðàôèòà îò îêèñëåíèÿ ïðè âûñî-

êèõ òåìïåðàòóðàõ âíåøíÿÿ è âíóòðåííÿÿ ñòåíêè

êþâåòû îáäóâàþòñÿ âûñîêî÷èñòûì àðãîíîì.

Áûñòðûé íàãðåâ ãðàôèòîâîé êþâåòû ïî çà-

äàííîé òåìïåðàòóðíîé ïðîãðàììå îáåñïå÷èâàåò

àòîìèçàöèþ èññëåäóåìîãî îáðàçöà, ò.å. åãî ïåðå-

âîä â ñîñòîÿíèå àòîìíîãî ïàðà, ñïîñîáíîãî ñåëåê-

òèâíî ïîãëîùàòü èçëó÷åíèå èñòî÷íèêà íåïðå-

ðûâíîãî ñïåêòðà íà äëèíàõ âîëí, ñîîòâåòñòâóþ-

ùèõ ðåçîíàíñíûì ïåðåõîäàì àòîìîâ èç îñíîâíî-

ãî â âîçáóæäåííîå ýíåðãåòè÷åñêîå ñîñòîÿíèå.

Âûáîð õèìè÷åñêèõ ýëåìåíòîâ. Âûáîð Al, Cd,

In, Mn, Ni, Pb, Pd, V â êà÷åñòâå ýëåìåíòîâ, èñ-

ïîëüçóþùèõñÿ â êîíòðîëüíîé ïðîáå, îáóñëîâëåí

òåì, ÷òî èõ îïòèìàëüíûå òåìïåðàòóðû àòîìèçà-

öèè, à ñëåäîâàòåëüíî, è òåìïåðàòóðû ïîÿâëåíèÿ

àòîìíûõ ïàðîâ, ëåæàò â øèðîêîì äèàïàçîíå

[10, 14]. Êðîìå òîãî, èõ íàèáîëåå ÷óâñòâèòåëüíûå

àíàëèòè÷åñêèå ëèíèè íå èñïûòûâàþò ñïåêòðàëü-

íûõ íàëîæåíèé ïðè ðåãèñòðàöèè ñ èñïîëüçîâà-

íèåì ñïåêòðîìåòðà «Êîëèáðè-2» [15].

Êîíöåíòðàöèÿ âñåõ ýëåìåíòîâ â ïðîáå îäèíà-

êîâà è ñîñòàâëÿåò 2 ìã/ë.

Îïèñàíèå ýêñïåðèìåíòà è ìåòîäèêà îáðà-

áîòêè ðåçóëüòàòîâ. Â õîäå ðàáîòû èñïîëüçîâà-

ëè äâà âèäà êàëèáðîâêè ïèðîìåòðà ÎÑ: ñòàíäàðò-

íóþ (êîððåêòíóþ) êàëèáðîâêó ïèðîìåòðà ÎÑ íà

êþâåòó, óòðàòèâøóþ ìåòàëëè÷åñêèé áëåñê ïèðî-

ëèòè÷åñêîãî ïîêðûòèÿ â ðåçóëüòàòå íåáîëüøîãî

÷èñëà îòæèãîâ («êàëèáðîâî÷íàÿ» êþâåòà), è òó æå

êàëèáðîâêó, ñìåùåííóþ íà ïîñòîÿííîå çíà÷åíèå

òåìïåðàòóðû (íåêîððåêòíóþ). Ñìåùåíèå çàäà-

âàëè ïóòåì èçìåíåíèÿ çíà÷åíèÿ ñâîáîäíîãî ÷ëå-

íà â ïîëèíîìå 5-é ñòåïåíè. Ïîäîáíîå èçìåíåíèå

ìîæåò èìèòèðîâàòü ìåõàíè÷åñêîå ñìåùåíèå ïè-

ðîìåòðà ÎÑ îòíîñèòåëüíî îáúåêòà èçìåðåíèÿ,

óìåíüøåíèå âõîäíîé àïåðòóðû ñèñòåìû ðåãèñò-

ðàöèè, à òàêæå âîçìîæíóþ äåãðàäàöèþ ôîòî÷óâ-

ñòâèòåëüíîãî ýëåìåíòà. Âî âñåõ ýòèõ ñëó÷àÿõ

óìåíüøàåòñÿ îñâåùåííîñòü ôîòî÷óâñòâèòåëüíîãî

ýëåìåíòà è, êàê ñëåäñòâèå, ïðîèñõîäèò çàíèæå-

íèå èçìåðåííûõ òåìïåðàòóð îòíîñèòåëüíî ðåàëü-

íûõ. Îäíàêî ïîñêîëüêó íàøåé öåëüþ ÿâëÿåòñÿ

äåìîíñòðàöèÿ ðàáîòû ïðåäñòàâëåííîãî ìåòîäà

êîíòðîëÿ, ñìåùåíèå ñäåëàíî â ñòîðîíó óâåëè÷å-

íèÿ èçìåðÿåìûõ ïèðîìåòðîì ÎÑ òåìïåðàòóð,

÷òîáû èçáåæàòü âîçìîæíîãî ïåðåãðåâà è ðàçðó-

øåíèÿ êþâåòû.

Íà ïðîòÿæåíèè âñåãî ýêñïåðèìåíòà èñïîëüçî-

âàëè «êàëèáðîâî÷íóþ» êþâåòó, ÷òî ïîçâîëÿåò ãî-

âîðèòü î âûñîêîé òî÷íîñòè ñîîòâåòñòâèÿ çàäàí-

íûõ ïàðàìåòðîâ íàãðåâà ðåàëüíûì. Òåìïåðàòóð-

íî-âðåìåííàÿ ïðîãðàììà íàãðåâà êþâåòû ïðèâå-

äåíà â òàáë. 1.

Äëÿ ïîñòðîåíèÿ òåìïåðàòóðíûõ çàâèñèìî-

ñòåé íåîáõîäèìî îïðåäåëèòü ìîìåíò íà÷àëà ïî-

ÿâëåíèÿ àòîìíûõ ïàðîâ è ñîîòâåòñòâóþùóþ åìó

òåìïåðàòóðó, çàðåãèñòðèðîâàííóþ ïèðîìåòðîì

ÎÑ, äëÿ âñåõ âûáðàííûõ ýëåìåíòîâ. Ýòè ïàðà-

ìåòðû îïðåäåëÿëè èç ãðàôèêîâ çàâèñèìîñòè ñèã-

íàëîâ ïîãëîùåíèÿ è òåìïåðàòóðû îò âðåìåíè.

Ïðèìåð äëÿ ìàðãàíöà ïðèâåäåí íà ðèñ. 2 (ñòðåë-

êàìè ïîêàçàí ñïîñîá ïîëó÷åíèÿ òåìïåðàòóðû ïî-

«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2022. Òîì 88. ¹ 1. ×. II 85

Ðèñ. 1. Áëîê-ñõåìà ýêñïåðèìåíòàëüíîé óñòàíîâêè

Fig. 1. Block diagram of the experimental setup

Òàáëèöà 1. Òåìïåðàòóðíî-âðåìåííàÿ ïðîãðàììà íàãðå-

âà êþâåòû

Table 1. Temperature-time program of heating the gra-

phite furnace

Ýòàï

Çàäàííàÿ

òåìïåðà-

òóðà, °C

Âðåìÿ,

ñ

Ñêîðîñòü

íàãðåâà,

°C/ñ

Ïðîäóâêà

âíóòðåííåãî

îáúåìà êþâå-

òû àðãîíîì

Ñóøêà 90 60 26 +

Ïèðîëèç 500 30 200 +

Àòîìèçàöèÿ 2400 2 1500 –

×èñòêà 2500 2(1) × 1 3000 +

Îõëàæäåíèå — 15 — +

1

2

Ðèñ. 2. Çàâèñèìîñòè ïîãëîùåíèÿ Mn (1) è òåìïåðàòóðû

(2) îò âðåìåíè

Fig. 2. Graphs of Mn (1) absorption and temperature ver-

sus time (2)



ÿâëåíèÿ àòîìíûõ ïàðîâ). Ïîëó÷åííûå çíà÷åíèÿ

òåìïåðàòóðû ñ÷èòàþòñÿ ïîñòîÿííûìè è íå äîëæ-

íû ñóùåñòâåííî ìåíÿòüñÿ ïðè èçìåíåíèè ïàðà-

ìåòðîâ íàãðåâà àòîìèçàòîðà.

Îáñóæäåíèå ðåçóëüòàòîâ

Â òàáë. 2 ïðèâåäåíû âðåìåíà ïîÿâëåíèÿ

àòîìíûõ ïàðîâ è ñîîòâåòñòâóþùèå òåìïåðàòóðû

(ñðåäíèå çíà÷åíèÿ äëÿ òðåõ èçìåðåíèé), çàðå-

ãèñòðèðîâàííûå ïèðîìåòðîì ÎÑ ïðè åãî êîð-

ðåêòíîé êàëèáðîâêå, äëÿ âñåõ ýëåìåíòîâ êîí-

òðîëüíîé ïðîáû ïðè ðàçíûõ ñêîðîñòÿõ íàãðåâà

àòîìèçàòîðà.

Ñêîðîñòü íàãðåâà êþâåòû çàäàâàëè ïóòåì

óñòàíîâêè çíà÷åíèÿ ØÈÌ. Â ïðîöåññå íàãðåâà

ïðîèñõîäèò ðàçðÿäêà êîíäåíñàòîðîâ, à çíà÷èò, è

ñíèæåíèå ñêîðîñòè íàãðåâà. Ïîýòîìó â òàáë. 2

óêàçàíà ñêîðîñòü íàãðåâà â íà÷àëüíûé ìîìåíò

íàðàñòàíèÿ òåìïåðàòóðû (0 ñ íà ðèñ. 2).

Óêàçàííûå â òàáë. 2 òåìïåðàòóðû ïîÿâëåíèÿ

ïàðîâ íàçîâåì ðåàëüíûìè òåìïåðàòóðàìè, òàê

êàê îíè ïîëó÷åíû ïðè êîððåêòíîé êàëèáðîâêå

ïèðîìåòðà. Ïîñêîëüêó æåëàòåëüíî, ÷òîáû òåìïå-

ðàòóðà ïîÿâëåíèÿ àòîìíûõ ïàðîâ áûëà èíâàðè-

àíòíà îòíîñèòåëüíî ñêîðîñòè íàãðåâà àòîìèçàòî-

ðà, èñêëþ÷èì èç äàëüíåéøèõ ðàñ÷åòîâ ýëåìåíòû,

äëÿ êîòîðûõ çíà÷åíèÿ ÎÑÊÎ Tñð ïðåâûøàåò 5 %.

Òàêèì ýëåìåíòîì ÿâëÿåòñÿ ïàëëàäèé, ïðè ýòîì

åãî èñêëþ÷åíèå íå ïðèâåäåò ê óìåíüøåíèþ äèà-
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Òàáëèöà 2. Âðåìÿ ïîÿâëåíèÿ àòîìíûõ ïàðîâ è ñîîòâåòñòâóþùèå òåìïåðàòóðû ïðè êîððåêòíîé êàëèáðîâêå ïèðîìåòðà

ÎÑ

Table 2. Time of appearance of atomic vapors and the corresponding temperatures for correct calibration of the feedback

pyrometer

Õèìè÷åñêèé

ýëåìåíò

Ñêîðîñòü

íàãðåâà u,

°C/ñ

Âðåìÿ ïîÿâëåíèÿ

àòîìíûõ ïàðîâ

t, ñ (n = 3)

Òåìïåðàòóðà ïîÿâëåíèÿ

àòîìíûõ ïàðîâ T, °C

(n = 3)

Ñðåäíÿÿ òåìïåðàòóðà

ïîÿâëåíèÿ àòîìíûõ

ïàðîâ T
ñð

, °C

ÎÑÊÎ

T
ñð

, %

Al 1600 0,848 1671 1661 1,6

2900 0,44 1645

4500 0,272 1636

6000 0,208 1693

Cd 1600 0,08 631 641 2,8

2900 0,04 621

4500 0,032 654

6000 0,024 658

In 1600 0,432 1133 1101 2,0

2900 0,216 1093

4500 0,136 1097

6000 0,096 1081

Mn 1600 0,48 1197 1194 1,5

2900 0,264 1214

4500 0,16 1193

6000 0,112 1170

Ni 1600 0,712 1502 1474 2,0

2900 0,352 1433

4500 0,232 1480

6000 0,168 1479

Pb 1600 0,24 870 914 3,6

2900 0,144 908

4500 0,096 933

6000 0,072 945

Pd 1600 0,688 1470 1395 5,7

2900 0,36 1452

4500 0,2 1353

6000 0,136 1304

V 1600 1,176 2043 1939 4,4

2900 0,584 1974

4500 0,336 1877

6000 0,24 1860



ïàçîíà êîíòðîëèðóåìûõ òåìïåðàòóð è îáðàçîâà-

íèþ ñóùåñòâåííûõ ðàçðûâîâ â ãðàôèêàõ.

Àíàëîãè÷íûì îáðàçîì ïîëó÷åíû ñðåäíèå

òåìïåðàòóðû ïîÿâëåíèÿ àòîìíûõ ïàðîâ ýëåìåí-

òîâ ïðè íåêîððåêòíîé êàëèáðîâêå ïèðîìåòðà ÎÑ.

Èçìåíåíèå ñâîáîäíîãî ÷ëåíà êàëèáðîâî÷íîãî ïî-

ëèíîìà ïîçâîëèëî äîáèòüñÿ çàâûøåíèÿ ðåçóëü-

òàòîâ èçìåðåíèÿ ïèðîìåòðà ÎÑ ïðèìåðíî íà

130 °C âî âñåì äèàïàçîíå òåìïåðàòóð.

Íà ðèñ. 3 ïî îñè X îòëîæåíû çíà÷åíèÿ èçìå-

ðåííûõ òåìïåðàòóð ïîÿâëåíèÿ ïàðîâ ýëåìåíòîâ,

ïîëó÷åííûå ïðè êîððåêòíîé (1) è íåêîððåêòíîé

(2) êàëèáðîâêå ïèðîìåòðà ÎÑ, à ïî îñè Y — ðå-

àëüíûå òåìïåðàòóðû. Äàííûå ãðàôèêè ïîñòðîå-

íû ïî óñðåäíåííûì çíà÷åíèÿì òåìïåðàòóð ïîÿâ-

ëåíèÿ àòîìíûõ ïàðîâ ýëåìåíòîâ äëÿ ÷åòûðåõ

ñêîðîñòåé íàãðåâà àòîìèçàòîðà ñ ïðèâåäåíèåì

ñîîòâåòñòâóþùèõ äîâåðèòåëüíûõ èíòåðâàëîâ. Íà

ðèñ. 4 ïðåäñòàâëåíû àíàëîãè÷íûå ãðàôèêè êîð-

ðåëÿöèè äëÿ êîíêðåòíûõ ñêîðîñòåé íàãðåâà. Ââè-

äó òîãî, ÷òî ÎÑÊÎ òåìïåðàòóð ïîÿâëåíèÿ àòîì-

íûõ ïàðîâ äëÿ ôèêñèðîâàííîãî çíà÷åíèÿ ñêî-

ðîñòè íàãðåâà íå ïðåâûøàåò 1 %, íà ãðàôèêàõ íå

ïðèâåäåíû äîâåðèòåëüíûå èíòåðâàëû. Âèäíî,

÷òî â äàííîì ñëó÷àå çàâèñèìîñòè èìåþò ñóùå-

ñòâåííî áîëåå íåëèíåéíûé õàðàêòåð, ÷òî óñëîæ-

íÿåò èõ àíàëèç.

Ïðè êîððåêòíîé êàëèáðîâêå ïèðîìåòðà ÎÑ

çíà÷åíèÿ ðåàëüíîé è èçìåðåííîé Tñð äëÿ êàëèá-

ðîâî÷íîé êþâåòû ñîâïàäàþò. Ïðè èñïîëüçîâàíèè

íåêîððåêòíîé êàëèáðîâêè ãðàôèê ñìåùàåòñÿ.

Ïî âåëè÷èíå è õàðàêòåðó ñìåùåíèÿ êðèâûõ

ìîæíî ãîâîðèòü î íåîáõîäèìîñòè âûïîëíèòü ïå-

ðåêàëèáðîâêó ïèðîìåòðà ÎÑ.

Çàêëþ÷åíèå

Òàêèì îáðàçîì, îöåíåíà âîçìîæíîñòü êîíòðî-

ëÿ êàëèáðîâêè ïèðîìåòðà ÎÑ ïî òåìïåðàòóðàì

ïîÿâëåíèÿ àòîìíûõ ïàðîâ õèìè÷åñêèõ ýëåìåíòîâ

ñ ðàçëè÷íîé ëåòó÷åñòüþ. Â êà÷åñòâå òàêèõ ýëå-

ìåíòîâ âûáðàíû Al, Cd, In, Mn, Ni, Pb, V, ïîÿâëå-

íèå àòîìíûõ ïàðîâ êîòîðûõ ïðîèñõîäèò â äèàïà-

çîíå 640 – 1940 °C. Óñòàíîâëåíî, ÷òî ïðè èçìåíå-

íèè ñêîðîñòè íàãðåâà áîëåå ÷åì â 3 ðàçà òåìïåðà-

òóðà ïîÿâëåíèÿ ïàðîâ äëÿ âûáðàííûõ ýëåìåíòîâ

èçìåíÿåòñÿ ìåíåå ÷åì íà 5 %. Ïîêàçàíî ñìåùå-

íèå ãðàôèêà êîððåëÿöèè ìåæäó ðåàëüíîé è èçìå-

ðåííîé òåìïåðàòóðîé ïîÿâëåíèÿ ïàðîâ ýëåìåí-

òîâ ïðè íåêîððåêòíîé êàëèáðîâêå ïèðîìåòðà îá-

ðàòíîé ñâÿçè.
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