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Â ñâÿçè ñ ðàçâèòèåì àääèòèâíîãî ïðîèçâîäñòâà è ïðèìåíåíèåì àääèòèâíûõ òåõíîëîãèé

íà âñåõ ýòàïàõ æèçíåííîãî öèêëà èçäåëèé âîçíèêàåò ïîòðåáíîñòü â ìåòîäàõ êîíòðîëÿ èõ

õàðàêòåðèñòèê. Â ðàáîòå ðàññìîòðåíî èñïîëüçîâàíèå îïòè÷åñêèõ ìåòîäîâ èçìåðåíèé

ïðèìåíèòåëüíî ê îáúåêòàì ñëîæíîé ôîðìû. Èçäåëèÿ, èçãîòîâëåííûå ìåòîäàìè àääè-

òèâíûõ òåõíîëîãèé, ìîãóò èìåòü äåôåêòû, õàðàêòåðíûå äëÿ «ïîñëîéíîãî» âûðàùèâàíèÿ

äåòàëåé, òàêèå êàê ðàññëîåíèÿ, íåïðîêëåè, ïîðèñòîñòü, êîðîáëåíèå, íàïðÿæåííî-äåôîðìè-

ðîâàííûå ñîñòîÿíèÿ, øåðîõîâàòîñòü è ò.ä. Îïèñàíû óñòðîéñòâà, ðàçðàáîòàííûå âî ÔÃÓÏ

«ÂÍÈÈÎÔÈ» íà îñíîâå ïðèíöèïîâ èíòåðôåðåíöèè, ñòðóêòóðèðîâàííîãî ñâåòà è ãîëîãðà-

ôèè, äëÿ âûÿâëåíèÿ äåôåêòîâ òàêèõ èçäåëèé. Ðàññìîòðåíû ïðåèìóùåñòâà è íåäîñòàòêè

èíòåðôåðåíöèîííîãî ìèêðîñêîïà, ñêàíåðà-ïðîôèëîìåòðà è øåðîãðàôà ïðèìåíèòåëüíî ê

êîíòðîëþ óêàçàííûõ òèïîâ ãåîìåòðè÷åñêèõ äåôåêòîâ. Îñîáåííîñòü ýòèõ ïðèáîðîâ çàêëþ-

÷àåòñÿ â âîçìîæíîñòè ðàáîòàòü ñ ðàçëè÷íûìè òèïàìè ìàòåðèàëîâ: ìåòàëëû è äèýëåêòðèêè,

ïðîçðà÷íûå, îòðàæàþùèå, ðàññåèâàþùèå, à òàêæå êîìïîçèòíûå ìàòåðèàëû. Ïðèâåäåíû

ðåçóëüòàòû ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé ïî îáíàðóæåíèþ ïîâåðõíîñòíûõ è ïîäïî-

âåðõíîñòíûõ äåôåêòîâ. Ïðåäñòàâëåíû èíòåðôåðîãðàììû è ðåçóëüòàòû ðåêîíñòðóêöèè

ôàçû êàê îòðàæàþùèõ, òàê è ïðîçðà÷íûõ îáúåêòîâ. Îáíàðóæåíû äåôåêòû â ïîêàçàòåëå

ïðåëîìëåíèÿ ìèêðîðåçîíàòîðà, èçãîòîâëåííîãî èç îïòè÷åñêîãî âîëîêíà. Îöåíåíû ìåòðî-

ëîãè÷åñêèå õàðàêòåðèñòèêè îïòè÷åñêèõ ïðèáîðîâ äëÿ íåðàçðóøàþùåãî êîíòðîëÿ èçäåëèé.

Èçãîòîâëåíû è îïðîáîâàíû ðàáî÷èå ýòàëîíû äëÿ ãðàäóèðîâêè è êàëèáðîâêè îïòè÷åñêèõ

ïðèáîðîâ, ðàññìàòðèâàåìûõ â ðàáîòå. Èñïîëüçîâàíèå ñïåöèàëüíî ðàçðàáîòàííûõ ìåð

ïîçâîëÿåò ïðèìåíÿòü óêàçàííûå ìåòîäû íå òîëüêî äëÿ êà÷åñòâåííîé îöåíêè îáúåêòîâ

ñëîæíîé ôîðìû è äåôåêòîñêîïèè, íî è äëÿ êîëè÷åñòâåííîé îöåíêè õàðàêòåðèñòèêè òàêèõ

îáúåêòîâ.
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Developing of additive manufacturing and the use of additive technologies at all stages of the product life

cycle entails the necessity of developing methods providing control of their characteristics. Here we con-

sider application of the optical measurement procedures to the objects of complicated shape. Products

manufactured by the methods of additive technologies may have defects such as delamination, starved

joint, porosity, warp, stress-strain state, roughness, etc. We present the devices designed and developed on

the principles of interference, structured light and holography at the “VNIIOFI” Federal State Unitary

Enterprise to identify the defects in the products of additive technologies. The advantages and shortcom-

ings of the interference microscope, scanner-profilometer, and shearograph are examined with regard to

the control of the aforementioned types of geometric defects. The special feature of the contact-free meth-

ods is the possibility of control of different types of materials: metals and dielectrics, transparent, reflec-

tive, scattering and composite materials. The results of experimental study aimed at detection of the sur-

face and subsurface defects are presented. Interferograms and results of phase reconstruction are pre-

sented both for reflective and transparent objects. Defects of the refractive index of the microcavity made
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of an optical fiber were detected. Metrological characteristics of optical devices for non-destructive testing

of products are estimated. Standards for calibration and graduation of the optical devices considered in the

study were manufactured and tested. The use of specially developed standards makes it possible to use

these methods both for qualitative assessment of the objects of complicated shape and flaw detection and

for quantitative estimation of their characteristics.

Keywords: additive technologies; optical measurements; non-destructive testing; interferometry.

Ââåäåíèå

×ðåçâû÷àéíî âàæíî îñóùåñòâëÿòü êîíòðîëü

äåòàëåé, ôîðìèðóåìûõ ñ èñïîëüçîâàíèåì àääè-

òèâíûõ òåõíîëîãèé, íà íàëè÷èå äåôåêòîâ. Íà-

äåæíîñòü è ýêñïëóàòàöèîííûå õàðàêòåðèñòèêè

òàêèõ äåòàëåé çàâèñÿò îò íàëè÷èÿ â íèõ ñòðóê-

òóðíûõ íåîäíîðîäíîñòåé è íåñïëîøíîñòåé, â ñâÿ-

çè ñ ÷åì îáíàðóæåíèå äåôåêòîâ ÿâëÿåòñÿ àêòó-

àëüíîé çàäà÷åé. Íà ðèñ. 1 ïðèâåäåíû îñíîâíûå

òèïû äåôåêòîâ èçäåëèé, ïðîèçâåäåííûõ ñ ïðèìå-

íåíèåì àääèòèâíûõ òåõíîëîãèé, â çàâèñèìîñòè

îò ñòåïåíè îïàñíîñòè (âûäåëåíà öâåòîì) [1]. Ýòè

äåôåêòû îñîáåííî õàðàêòåðíû äëÿ òåõíîëîãèè

ñåëåêòèâíîãî ëàçåðíîãî ñïåêàíèÿ.

Ó÷èòûâàÿ, ÷òî èñïîëüçîâàíèå àääèòèâíûõ

òåõíîëîãèé íàèáîëåå öåëåñîîáðàçíî ïðè èçãîòîâ-

ëåíèè äîðîãèõ èçäåëèé ñëîæíîé ôîðìû, êîí-

òðîëü òåõíîëîãè÷åñêèõ ïðîöåññîâ è äèàãíîñòèêà

êîíå÷íûõ èçäåëèé ÿâëÿþòñÿ îäíèìè èç êëþ÷å-

âûõ çâåíüåâ â øèðîêîì ðàñïðîñòðàíåíèè ýòèõ

òåõíîëîãèé. Íåñìîòðÿ íà òî ÷òî ìåæäóíàðîäíûå

ñòàíäàðòû â îáëàñòè íåðàçðóøàþùåãî êîíòðîëÿ

àääèòèâíûõ èçäåëèé âñå åùå íàõîäÿòñÿ â ðàçðà-

áîòêå (ISO/ASTM DTR 52905, ISO/ASTM CD TR

52906), óæå ñåé÷àñ ñ óâåðåííîñòüþ ìîæíî ñêà-

çàòü, ÷òî îïòè÷åñêèå ìåòîäû ìîãóò áûòü óñïåøíî

èñïîëüçîâàíû â öåëÿõ êîíòðîëÿ ïîâåðõíîñòíûõ è

ïîäïîâåðõíîñòíûõ äåôåêòîâ.

Äëÿ êîíòðîëÿ âûøåóêàçàííûõ äåôåêòîâ âî

ÔÃÓÏ «ÂÍÈÈÎÔÈ» áûëè ðàçðàáîòàíû òðè óñò-

ðîéñòâà: èíòåðôåðåíöèîííûé ìèêðîñêîï ñ òîìî-

ãðàôè÷åñêîé ïðèñòàâêîé, ñêàíåð-ïðîôèëîìåòð è

øåðîãðàô. Öåëü íàñòîÿùåé ðàáîòû çàêëþ÷àëàñü

â ðàçðàáîòêå ìåòîäîâ è ñðåäñòâ äëÿ èçìåðåíèé

êîíêðåòíûõ ïàðàìåòðîâ èçäåëèé àääèòèâíîãî

ïðîèçâîäñòâà — ãåîìåòðè÷åñêèõ ïàðàìåòðîâ (â

øèðîêîì äèàïàçîíå ðàçìåðîâ èçäåëèé), äåôîð-

ìàöèé è íàïðÿæåííûõ ñîñòîÿíèé, à òàêæå äëÿ

îïðåäåëåíèÿ òèïà è êîíöåíòðàöèé ïðèìåñåé

ìèêðîííîãî è ñóáìèêðîííîãî ìàñøòàáà íà ïî-

âåðõíîñòè èçäåëèé.

Ìåòîäû èññëåäîâàíèÿ è àïïàðàòóðà

Âíåøíèé âèä ðàçðàáîòàííûõ ïðèáîðîâ è

òèïû êîíòðîëèðóåìûõ ñ èõ ïîìîùüþ äåôåêòîâ

ïðåäñòàâëåíû íà ðèñ. 2. Âàæíî îòìåòèòü, ÷òî â

íàñòîÿùèé ìîìåíò â àääèòèâíîì ïðîèçâîäñòâå

èñïîëüçóþò îòðàæàþùèå, ðàññåèâàþùèå è ïðî-

çðà÷íûå ìàòåðèàëû [2]. Òàêèì îáðàçîì, äàííûå

óñòðîéñòâà ìîãóò ðàáîòàòü ñ ìàòåðèàëàìè, èìåþ-

ùèìè ðàçëè÷íûå îïòè÷åñêèå õàðàêòåðèñòèêè.

Ïåðâîå óñòðîéñòâî íà ðèñ. 2 ñîâìåùàåò â ñåáå

èíòåðôåðåíöèîííûé ìèêðîñêîï è îïòè÷åñêèé

òîìîãðàô. Èíòåðôåðåíöèîííàÿ ìèêðîñêîïèÿ

èìååò îäíó âàæíóþ îñîáåííîñòü: ÷òîáû ïîëó÷èòü

èíòåðôåðåíöèîííóþ êàðòèíó, íåîáõîäèìî, ÷òî-

áû îáúåêò îòðàæàë ñâåò. Â ñëó÷àå èçäåëèé àääè-

òèâíîãî ïðîèçâîäñòâà äëÿ èñïîëüçîâàíèÿ óêàçàí-

íîãî ìåòîäà èì íåîáõîäèìà ïîëèðîâêà. Ïîñëå ïî-

ëèðîâêè ìèêðîñêîï ìîæåò ñ âûñîêîé òî÷íîñòüþ

êîíòðîëèðîâàòü øåðîõîâàòîñòü è íàëè÷èå ìèêðî-

òðåùèí.

Ìèêðîñêîï ìîæåò îïðåäåëÿòü ôîðìó ïîâåðõ-

íîñòè áëàãîäàðÿ èñïîëüçîâàíèþ â îïòè÷åñêîé

ñõåìå ìåòîäà ôàçîâûõ øàãîâ [3]. Ôàçîñäâèãà-

þùèé áëîê ïðåäñòàâëÿåò ñîáîé óçåë, ðàñïîëîæåí-

íûé â ðåôåðåíòíîì îïòè÷åñêîì êàíàëå èíòåðôå-

ðåíöèîííîãî ìèêðîñêîïà ïî ñõåìå Ëèííèêà, ñî-

äåðæàùèé ãëàäêîå (ìîíîàòîìíîå) çåðêàëî ñ øå-

ðîõîâàòîñòüþ Ra = 0,05 íì, ìèêðîîáúåêòèâ è

ñèñòåìó ìèêðîìåòðè÷åñêîãî è íàíîìåòðè÷åñêîãî

ïåðåìåùåíèÿ, óïðàâëÿåìóþ ÏÊ. Çåðêàëî íàõî-
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Ðèñ. 1. Äåôåêòû, õàðàêòåðíûå äëÿ àääèòèâíîãî ïðîèçâîäñòâà

Fig. 1. The main defects characteristic of the products of additive manufacturing



äèòñÿ â ïåðåäíåé ôîêàëüíîé ïëîñêîñòè ìèêðî-

îáúåêòèâà. Äëÿ êîìïåíñàöèè àáåððàöèé îïòè÷å-

ñêîé ñèñòåìû èíòåðôåðîìåòðà ïåðåä ïðîâåäåíè-

åì èçìåðåíèÿ çàïèñûâàþò ïðîôèëü ýòàëîííîãî

ãëàäêîãî çåðêàëà, êîòîðûé â äàëüíåéøåì âû÷è-

òàþò èç ïîëó÷åííûõ äàííûõ.

Ïðè ïðîåêòèðîâàíèè ìèêðîñêîïà îñíîâíàÿ

çàäà÷à ñîñòîÿëà â ïîâûøåíèè òî÷íîñòè è ñòà-

áèëüíîñòè îïðåäåëåíèÿ âûñîòû ìèêðîðåëüåôà, à

òàêæå ðàñøèðåíèè äèàïàçîíà èçìåðåíèé â ëàòå-

ðàëüíîé ïëîñêîñòè. Â êîíñòðóêöèè èíòåðôåðî-

ìåòðà áûë èñïîëüçîâàí òî÷å÷íûé èñòî÷íèê ñâå-

òà, êîòîðûé ïîçâîëÿåò îáåñïå÷èòü âûñîêóþ ñòå-

ïåíü ïðîñòðàíñòâåííîé êîãåðåíòíîñòè èçëó÷å-

íèÿ, íî ïðè ýòîì ñòåïåíü âðåìåííóé êîãåðåíòíî-

ñòè îñòàåòñÿ íèçêîé, ïîñêîëüêó ñïåêòð ïîäîáíûõ

èñòî÷íèêîâ äîñòàòî÷íî øèðîêèé. Â ðåçóëüòàòå

äàííîå ðåøåíèå ïîçâîëÿåò óäàëèòü ñïåêë-ñòðóê-

òóðû èç èíòåðôåðîãðàìì, ÷òî, â ñâîþ î÷åðåäü,

ñíèæàåò êîëè÷åñòâî ôàçîâûõ øóìîâ.

Íà ðèñ. 3 ïîêàçàíî, êàê ïîñðåäñòâîì îáðàáîò-

êè èíòåðôåðåíöèîííûõ êàðòèí ðåêîíñòðóèðóþò

ôîðìó îáúåêòà (âìÿòèíà), à òàêæå ïðåäñòàâëåíû

ðåçóëüòàòû èçìåðåíèé ðàñïðåäåëåíèÿ ïîêàçàòå-

ëÿ ïðåëîìëåíèÿ ïðîçðà÷íîé ìèêðîñôåðû (ìèêðî-

ðåçîíàòîðà) èç ñòåêëà äèàìåòðîì îêîëî 400 ìêì.

Ìèêðîðåçîíàòîð — óíèêàëüíûé ýëåìåíò ôî-

òîíèêè, êîòîðûé ðàáîòàåò ñ ìîäàìè òèïà «øåï÷ó-

ùåé ãàëåðåè». Âàæíåéøåé õàðàêòåðèñòèêîé òà-

êîãî ðåçîíàòîðà ÿâëÿåòñÿ åãî äîáðîòíîñòü, êîòî-

ðàÿ â çíà÷èòåëüíîé ñòåïåíè îïðåäåëÿåòñÿ ðàññåÿ-

íèåì ìîä îïòè÷åñêîãî èçëó÷åíèÿ íà ðàçëè÷íûõ

äåôåêòàõ. Ðàññåÿíèå îïòè÷åñêîãî èçëó÷åíèÿ ïðî-

èñõîäèò íà ëþáûõ ëîêàëüíûõ íåîäíîðîäíîñòÿõ

ïîêàçàòåëÿ ïðåëîìëåíèÿ. Ïðè ýòîì âàæíî îïðå-

äåëÿòü íå òîëüêî ðàñïîëîæåíèå åãî ôëóêòóàöèé,

íî è èõ àáñîëþòíîå çíà÷åíèå, äëÿ ÷åãî íåîáõî-

äèìî ïðîâåñòè èçìåðåíèÿ ëîêàëüíûõ ìèêðî-

ñêîïè÷åñêèõ íåîäíîðîäíîñòåé ïîêàçàòåëÿ ïðå-

ëîìëåíèÿ ïî âñåìó îáúåìó ìèêðîðåçîíàòîðà. Òà-

êèå íåîäíîðîäíîñòè íåâîçìîæíî çàðåãèñòðèðî-

âàòü ñòàíäàðòíûìè ìåòîäàìè îïòè÷åñêîé èëè

çîíäîâîé ìèêðîñêîïèè, ïîýòîìó äëÿ ýòèõ öåëåé

ìû âûáðàëè ìåòîä îïòè÷åñêîé òîìîãðàôèè [4].

Ïðè êîíñòðóèðîâàíèè ìèêðîñêîïà áûëè èñ-

ïîëüçîâàíû ñåðèéíî âûïóñêàåìûå îïòè÷åñêèå,

îïòîìåõàíè÷åñêèå è ïðî÷èå êîìïëåêòóþùèå ïðî-

èçâîäñòâà Thorlabs Inc. (ÑØÀ) è Edmund Optics

(Ãåðìàíèÿ). Âûáîð äàííûõ ïðîèçâîäèòåëåé îáó-

ñëîâëåí øèðîêîé íîìåíêëàòóðîé è âûñîêèì êà-

÷åñòâîì èçãîòîâëåíèÿ âûïóñêàåìûõ èìè êîì-

ïëåêòóþùèõ.
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Ðèñ. 2. Âíåøíèé âèä ïðèáîðîâ äëÿ íåðàçðóøàþùåãî êîíòðîëÿ: à — èíòåðôåðåíöèîííûé ìèêðîñêîï-òîìîãðàô; á — ñêà-

íåð-ïðîôèëîìåòð; â — øåðîãðàô

Fig. 2. Devices for non-destructive testing: a — interference microscope – tomograph; b — scanner – profilometer; c —

shearograph



Ìèêðîñêîï îáëàäàåò ñëåäóþùèìè òåõíè÷å-

ñêèìè è ìåòðîëîãè÷åñêèìè õàðàêòåðèñòèêà-

ìè: ãàáàðèòíûå ðàçìåðû íå ïðåâûøàþò 360

(äëèíà) × 300 (øèðèíà) × 495 (âûñîòà) ìì; äèà-

ïàçîí èçìåðåíèé âûñîò — îò 10–8 äî 5 · 10–5 ì;

ïðèâåäåííàÿ îòíîñèòåëüíàÿ ïîãðåøíîñòü èçìå-

ðåíèé — 0,01 %.

Ñëåäóþùèé ïðèáîð — ñêàíåð-ïðîôèëî-

ìåòð — èñïîëüçóåò â ñâîåé ðàáîòå ñòðóêòóðèðî-

âàííûé ñâåò, êîòîðûé ïðåäñòàâëÿåò ñîáîé ñèñòå-

ìó ïðîåöèðóåìûõ ïàðàëëåëüíûõ ÷åðíûõ è áåëûõ

ïîëîñ. Ñêàíåð îïðåäåëÿåò ôîðìó îáúåêòîâ, èìå-

þùèõ äèôôóçíî-ðàññåèâàþùóþ ïîâåðõíîñòü:

î ôîðìå îáúåêòà ñóäÿò ïî äåôîðìàöèè ïîëîñ

ïðè åãî îñâåùåíèè ñòðóêòóðèðîâàííûì ñâåòîì.

Âîññòàíîâëåíèå ôàçû äëÿ ïðîôèëîìåòðà, ãäå èñ-

ïîëüçóåòñÿ ñòðóêòóðèðîâàííûé ñâåò, ïðîâîäÿò

òåìè æå ìåòîäàìè, ÷òî è â èíòåðôåðîìåòðèè:

ìåòîäàìè ôàçîâûõ øàãîâ è ôóðüå-ïðåîáðàçîâà-

íèÿ (FTP — Fourier Transform Profilometry) [5].

Â ìåòîäå ôàçîâûõ øàãîâ òðåáóåòñÿ ðåãèñòðàöèÿ

êàê ìèíèìóì òðåõ èíòåðôåðåíöèîííûõ èçîáðà-

æåíèé îáúåêòà ïðè ðàçëè÷íûõ çíà÷åíèÿõ ñäâèãà

ïîëîñ, ïîýòîìó åãî èñïîëüçîâàíèå äëÿ èññëåäîâà-

íèÿ äèíàìè÷åñêèõ îáúåêòîâ ïðîáëåìàòè÷íî. Äëÿ

ìåòîäà ôóðüå-ïðåîáðàçîâàíèÿ äîñòàòî÷íî îäíîãî

èçîáðàæåíèÿ, ïîýòîìó åãî øèðîêî ïðèìåíÿþò

ïðè èçó÷åíèè íåñòàöèîíàðíûõ îáúåêòîâ. Ìåòîä

ôóðüå-ïðîôèëîìåòðèè îáëàäàåò î÷åâèäíûì ïðå-

èìóùåñòâîì ïðè ðåãèñòðàöèè äàííûõ â ðåàëüíîì

âðåìåíè è 3D-èçìåðåíèÿõ äèíàìè÷åñêèõ ïðî-

öåññîâ. Îñíîâíûå ýòàïû îáðàáîòêè ïîëó÷åííûõ

èçîáðàæåíèé ìåòîäîì ôóðüå-ïðåîáðàçîâàíèÿ

âêëþ÷àþò:

ïðÿìîå ïðåîáðàçîâàíèå Ôóðüå èíòåðôåðî-

ãðàììû îáúåêòà: òàê êàê èçîáðàæåíèå îáúåêòà

ïðîìîäóëèðîâàíî ñèñòåìîé ïîëîñ, åãî ïðîñòðàí-

ñòâåííûé ñïåêòð áóäåò èìåòü ÿðêî âûðàæåííûå

ïèêè (ïîðÿäêè) âáëèçè ÷àñòîò, êðàòíûõ ÷àñòîòå

ïîëîñ;

ïðîñòðàíñòâåííóþ ôèëüòðàöèþ ñïåêòðà îáú-

åêòà ïîëîñîâûì ôèëüòðîì, âûäåëÿþùèì òîëüêî

+1-é èëè –1-é ïîðÿäîê â ñïåêòðå;

îáðàòíîå ïðåîáðàçîâàíèå Ôóðüå, â ðåçóëüòàòå

êîòîðîãî ïîëó÷àþò ìàòðèöó êîìïëåêñíûõ ÷èñåë,

àðãóìåíòû êîòîðûõ ðàâíû èñêîìîé ôàçå.

Äëÿ ðåêîíñòðóêöèè ôîðìû ïîâåðõíîñòè îáú-

åêòà ìåòîäîì ôóðüå-ñèíòåçà èñïîëüçîâàëè ìíîãî-

ðàêóðñíóþ îïòè÷åñêóþ ñõåìó ïðîåêöèè ïîëîñ,

ãåîìåòðè÷åñêèå ïàðàìåòðû êîòîðîé îáåñïå÷èâà-

þò îäèíàêîâûå ìàñøòàáíûå ïðåîáðàçîâàíèÿ

ôàçû â âûñîòó îáúåêòà â êàæäîì èç ðàêóðñîâ. Íà

ðèñ. 4 ïðåäñòàâëåíà òðåõðàêóðñíàÿ ñèñòåìà îñâå-

ùåíèÿ îáúåêòà.
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Ðèñ. 3. Ïîýòàïíàÿ îáðàáîòêà èíòåðôåðîãðàìì îòðàæàþùåé ïîâåðõíîñòè îáúåêòà äëÿ åãî 3D-ðåêîíñòðóêöèè (ñëåâà) è òî-

ìîãðàììà ïðîçðà÷íîãî îïòè÷åñêîãî ìèêðîðåçîíàòîðà (ñïðàâà)

Fig. 3. Step-by-step processing of interferograms of reflecting surface for 3D-reconstruction of the object (left) and tomogram

of a transparent optical microresonator (right)
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Ðèñ. 5. Ñõåìà ðàáîòû øåðîãðàôà è èñõîäíûå èíòåðôåðîãðàììû (ñëåâà); îáíàðóæåíèå äåôåêòà ïðè äåôîðìàöèè èçäåëèÿ

(ñïðàâà)

Fig. 5. The optical scheme of the shearograph and interferograms: initial (left); and corresponding to strain-induced product

flaw (right)

Ðèñ. 4. Ñõåìà ðàáîòû ñêàíåðà-ïðîôèëîìåòðà (ñëåâà): 1 — èñòî÷íèê ñâåòà; 2 — ðåøåòêà; 3, 3&, 3&& — îáúåêòèâû ïðîåöèðó-

þùèõ êàíàëîâ; 4 — îáúåêò èçìåðåíèÿ; 5 — îáúåêòèâ ðåãèñòðèðóþùåãî êàíàëà; 6 — ïëîñêîñòü ðåãèñòðàòîðà; ìîäåëü çóáà â

ñòðóêòóðèðîâàííîì ñâåòå (ñïðàâà)

Fig. 4. The optical scheme of the scanner-profilometer (left): 1 — light source; 2 — diffraction gratingæ 3, 3&, 3&& — lenses of

projection channels; 4 — object under study; 5 — lens of the registration channel; 6 — plane of detector; model of the tooth in

structured light (right)



Êîíñòðóêöèÿ ïðîôèëîìåòðà ïîçâîëÿåò èñ-

ïîëüçîâàòü åãî â ñòîìàòîëîãèè. Âàæíî îòìåòèòü,

÷òî àääèòèâíûå òåõíîëîãèè ïðèìåíÿþò â ñîâðå-

ìåííîé ñòîìàòîëîãèè äëÿ ñîçäàíèÿ õèðóðãè÷å-

ñêèõ øàáëîíîâ, ýëàéíåðîâ, áðåêåò-ñèñòåì, ïðîòå-

çîâ è êîðîíîê.

Îñíîâíûå òåõíè÷åñêèå è ìåòðîëîãè÷åñêèå

õàðàêòåðèñòèêè ñêàíåðà-ïðîôèëîìåòðà: äèàïà-

çîí èçìåðåíèé âûñîò — îò 5 · 10–5 äî 10–2 ì;

ïðèâåäåííàÿ îòíîñèòåëüíàÿ ïîãðåøíîñòü èçìå-

ðåíèé — 0,5 %; ãàáàðèòíûå ðàçìåðû — íå áîëåå

235 × 53 × 50 ìì.

Òðåòèé ïðèáîð — øåðîãðàô — îñíîâàí íà

ìåòîäàõ ñïåêë-èíòåðôåðîìåòðèè, ïîçâîëÿþùèõ

ïîëó÷èòü ïðîèçâîäíóþ ïîëÿ äåôîðìàöèè ïîâåðõ-

íîñòè îáúåêòîâ. Øåðîãðàôèÿ ÿâëÿåòñÿ èíòåðôå-

ðåíöèîííûì ìåòîäîì èññëåäîâàíèÿ äåôîðìàöèé

øåðîõîâàòûõ ïîâåðõíîñòåé è íàõîäèò ïðèìåíå-

íèå â àâèàöèîííîé è êîñìè÷åñêîé îòðàñëÿõ äëÿ

ïîèñêà ïîäïîâåðõíîñòíûõ äåôåêòîâ. Ñõåìà ðàç-

ðàáîòàííîãî øåðîãðàôà ïðèâåäåíà íà ðèñ. 5. Îï-

òè÷åñêàÿ ñèñòåìà ïðèáîðà ôîðìèðóåò äâà ïîïå-

ðå÷íî ñäâèíóòûõ ïó÷êà, êàæäûé èç êîòîðûõ ñîç-

äàåò èçîáðàæåíèå îáúåêòà â ïëîñêîñòè ìàòðèöû

âèäåîêàìåðû. Ýòè ïó÷êè ïàðàëëåëüíî èíòåðôå-

ðèðóþò è âûñòðàèâàþò èíòåðôåðåíöèîííóþ êàð-

òèíó — ñïåêë-èíòåðôåðîãðàììó.

Îñíîâíîå ïðèìåíåíèå øåðîãðàôèè — êîí-

òðîëü ïîäïîâåðõíîñòíûõ äåôåêòîâ êîìïîçèòíûõ

ìàòåðèàëîâ [6]. ×òîáû îáíàðóæèòü äåôåêò, íåîá-

õîäèìî íàãðóçèòü îáúåêò è ñäåëàòü íåñêîëüêî

ýêñïîçèöèé åãî ïîâåðõíîñòè: äî è ïîñëå äåôîðìà-

öèè. Äëÿ ðàñøèôðîâêè èíòåðôåðîãðàìì èñïîëü-

çóþò ìåòîä ôàçîâûõ øàãîâ. Äëÿ ðåãèñòðàöèè äå-

ôîðìàöèé îáúåêò èçìåðåíèé äîëæåí íàõîäèòüñÿ

íà ðàññòîÿíèè ïîðÿäêà 4000 ± 1000 ìì îò øåðî-

ãðàôà, ïðè ýòîì îáúåêò èçìåðåíèé îñâåùàåòñÿ

ëàçåðîì. Â äàííîé ðàáîòå èñïîëüçîâàëè ëàçåð-

íûé èñòî÷íèê èçëó÷åíèÿ ñ äëèíîé âîëíû 532 íì

è ìîùíîñòüþ ïîðÿäêà 15 ìÂò.

Ïðèìåð ðàáîòû óñòðîéñòâà ïðèâåäåí íà

ðèñ. 5, èëëþñòðèðóþùåì îáíàðóæåíèå äåôåêòà ñ

ïëîñêîé ñòîðîíû ïëàñòèíû ðàçìåðàìè 55 ×

× 45 ìì, îäíà ñòîðîíà êîòîðîé èìåëà ÿ÷åèñòóþ

ñòðóêòóðó, èçãîòîâëåííóþ ìåòîäîì àääèòèâíûõ

òåõíîëîãèé íà 3D-ïðèíòåðå FormLabs. Äëÿ ïîëó-

÷åíèÿ äåôîðìèðîâàííîãî ñîñòîÿíèÿ ïëàñòèíû åå

íàãðåâàëè ãîðÿ÷èì âîçäóõîì. Ïðè íàãðåâàíèè

ïëàñòèíû äåôîðìàöèÿ åå ëèöåâîé ñòîðîíû ïî-

çâîëÿëà îáíàðóæèòü ëîêàëèçàöèþ è îïðåäåëèòü

ðàçìåð äåôåêòà.

Øåðîãðàô îáëàäàåò ñëåäóþùèìè òåõíè÷å-

ñêèìè è ìåòðîëîãè÷åñêèìè õàðàêòåðèñòèêàìè:

ãàáàðèòíûå ðàçìåðû íå ïðåâûøàþò 310 ×

× 150 × 100 ìì; äèàïàçîí èçìåðåíèé äåôîðìà-

öèé — îò 1 äî 100 ìêì; ïîãðåøíîñòü èçìåðåíèé

ïåðåìåùåíèé — íå áîëåå ±0,5 ìêì äëÿ îáúåêòîâ

ñ ïàðàìåòðàìè øåðîõîâàòîñòè Rz = 3 – 20 ìêì,

Ra = 0,5 – 3,0 ìêì.

Äëÿ îïðåäåëåíèÿ ìåòðîëîãè÷åñêèõ õàðàê-

òåðèñòèê ñêàíåðà-ïðîôèëîìåòðà è øåðîãðàôà

áûëè ðàçðàáîòàíû ìåðû, âîñïðîèçâîäÿùèå ïî-

âåðõíîñòü èçäåëèé ñëîæíîé ôîðìû, à òàêæå ïîëå

äåôîðìàöèé èçäåëèé. Âíåøíèé âèä ìåð è ðå-

çóëüòàòû êàëèáðîâêè ïðèáîðîâ ïðèâåäåíû íà

ðèñ. 6. Ìåðà äåôîðìàöèè (íàãðóçî÷íîå óñòðîé-

ñòâî) ïðåäñòàâëÿåò ñîáîé ïðîäàâëèâàåìóþ ìåì-

áðàíó, à ìåðû ôîðìû ïîâåðõíîñòè — êîíóñû ñî

ñòóïåíÿìè.

Çàêëþ÷åíèå

Ðåçóëüòàòû êàëèáðîâêè ïîêàçàëè, ÷òî ïîðîã

÷óâñòâèòåëüíîñòè øåðîãðàôà ñîñòàâëÿåò

0,15 ìêì, à äèàïàçîí èçìåðåíèé äåôîðìàöèè —

8 ìêì íà îäíó ýêñïîçèöèþ. Ñêàíåð-ïðîôèëîìåòð

ïðîäåìîíñòðèðîâàë îòêëîíåíèå ôîðìû èçìåðÿå-

ìîé ïîâåðõíîñòè (ÑÊÎ), ðàâíîå 45 ìêì. Èíòåð-

ôåðåíöèîííûé ìèêðîñêîï ïîêàçàë âûñîêóþ òî÷-

íîñòü îïðåäåëåíèÿ âûñîòû äî ±1,5 íì ïî îñè z è

±0,4 ìêì â ëàòåðàëüíîé ïëîñêîñòè. Óêàçàííûå

õàðàêòåðèñòèêè ïðèáîðîâ ïîçâîëÿþò îáíàðóæè-

âàòü äåôåêòû ðàçëè÷íûõ òèïîâ è èçìåðÿòü èõ ïà-

ðàìåòðû. Òàêèì îáðàçîì, ýòè óñòðîéñòâà ìîãóò

áûòü èíòåãðèðîâàíû â ïðîöåññ àääèòèâíîãî ïðî-
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Ðèñ. 6. Ìåðà äåôîðìàöèè è øåðîãðàììà (ñëåâà); ìåðû äëÿ ñêàíåðà-ïðîôèëîìåòðà è ðåçóëüòàòû åãî êàëèáðîâêè (ñïðàâà)

Fig. 6. The loading device and the shearogram (left); cones for imitation of the surface shape and results of calibration (right)



èçâîäñòâà è èñïîëüçîâàíû äëÿ áåñêîíòàêòíîãî

êîíòðîëÿ êà÷åñòâà èçäåëèé.

Ôèíàíñèðîâàíèå

Ðàáîòà âûïîëíåíà ïðè ïîääåðæêå Ìèíîáð-

íàóêè Ðîññèè â ðàìêàõ âûïîëíåíèÿ ñîãëàøåíèÿ

¹ 14.625.21.0041 îò 26.09.17 (óíèêàëüíûé èäåí-

òèôèêàòîð RFMEFI62517X0041).
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