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Èññëåäîâàíî âëèÿíèå ðàçëè÷íûõ âèäîâ ïîñòîáðàáîòêè íà óñòàëîñòíûå õàðàêòåðèñòèêè îá-

ðàçöîâ òèòàíîâîãî ñïëàâà Ti – 6Al – 4V,, ïîëó÷åííûõ ñ èñïîëüçîâàíèåì òåõíîëîãèè ïîñëîé-

íîãî ëàçåðíîãî ñïëàâëåíèÿ. Ïðîâåäåíî ñðàâíåíèå çíà÷åíèé óñòàëîñòíîé äîëãîâå÷íîñòè

ïðè èñïûòàíèÿõ íà ìàëîöèêëîâóþ óñòàëîñòü îáðàçöîâ òèòàíîâîãî ñïëàâà Ti – 6Al – 4V, íå-

ïîñðåäñòâåííî ïîñëå ïîñëîéíîãî ëàçåðíîãî ñïëàâëåíèÿ è ïîñëå ïðèìåíåíèÿ òîêàðíîé,

ãèäðîàáðàçèâíîé è âèáðîãàëòîâî÷íîé îáðàáîòîê. Øåðîõîâàòîñòü ïîâåðõíîñòè ïîñëå ïî-

ñëîéíîãî ëàçåðíîãî ñïëàâëåíèÿ Ra � 8 ìêì, íàíîòâåðäîñòü 5,1 ÃÏà. Ýòè îáðàçöû îáëàäàþò

íèçêîé óñòàëîñòíîé äîëãîâå÷íîñòüþ. Ïîñëå âèáðîãàëòîâî÷íîé îáðàáîòêè øåðîõîâàòîñòü

Ra � � 3,5 ìêì, ïðè ýòîì óñòàëîñòíûå õàðàêòåðèñòèêè íå ìåíÿþòñÿ. Ïîñëå òîêàðíîé îáðà-

áîòêè ïîëó÷åíà ìèíèìàëüíàÿ øåðîõîâàòîñòü Ra � 0,1 ìêì è íàíîòâåðäîñòü 5 ÃÏà, ïðè

ýòîì íåñêîëüêî ïîâûøàþòñÿ óñòàëîñòíûå õàðàêòåðèñòèêè. Ìàêñèìàëüíûå óñòàëîñòíûå

ñâîéñòâà ïîëó÷åíû íà îáðàçöàõ, ñîçäàííûõ ìåòîäîì ïîñëîéíîãî ëàçåðíîãî ñïëàâëåíèÿ ñ

ïîñëåäóþùåé ãèäðîàáðàçèâíîé îáðàáîòêîé ïîâåðõíîñòè, áëàãîäàðÿ êîòîðîé óäàåòñÿ ñíè-

çèòü øåðîõîâàòîñòü Ra äî ~1 ìêì è ïîâûñèòü íàíîòâåðäîñòü ïðèïîâåðõíîñòíîé çîíû äî

6,1 ÃÏà. Îäíîé èç ïðè÷èí ñóùåñòâåííîãî ïîâûøåíèÿ óñòàëîñòíûõ õàðàêòåðèñòèê ïîñëå

ãèäðîàáðàçèâíîé îáðàáîòêè ÿâëÿåòñÿ óïðî÷íåíèå ïðèïîâåðõíîñòíîãî ñëîÿ ìàòåðèàëà, êî-

òîðûé ñòàíîâèòñÿ ýôôåêòèâíûì ïðåïÿòñòâèåì âîçíèêíîâåíèÿ è ðàñïðîñòðàíåíèÿ ìèêðî-

òðåùèí. Ãèäðîàáðàçèâíàÿ îáðàáîòêà èçäåëèé, ïîëó÷åííûõ ñ ïîìîùüþ òåõíîëîãèè ïîñëîé-

íîãî ëàçåðíîãî ñïëàâëåíèÿ, ïîçâîëÿåò ïîâûñèòü óñòàëîñòíûå õàðàêòåðèñòèêè è óëó÷øèòü

êà÷åñòâî ïîâåðõíîñòè îáðàçöîâ òèòàíîâîãî ñïëàâà Ti – 6Al – 4V, äëÿ ïðèìåíåíèÿ â áèîìåäè-

öèíå.
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The effect of various types of surface post-treatment on the fatigue characteristics of Ti – 6Al – 4V, tita-

nium alloy samples produced by selective laser melting has been studied. The values of the low-cycle fa-

tigue of Ti – 6Al – 4V, titanium alloy samples as built and after turning, waterjet and vibro-grinding treat-

ment were compared. The surface roughness Ra nano-hardness after selective laser melting were 8 ìm

and 5.1 GPa, respectively. These samples have a low fatigue life. The surface roughness Ra after vibro-

grinding treatment decreased to 3.5 ìm, whereas the fatigue characteristics remained the same. After

turning, the minimum roughness value 0.1 ìm at the nanohardness of 5 GPa were obtained. This treat-

ment allows a slight increase in the fatigue characteristics. However, the maximum fatigue properties

were obtained on samples after waterjet treatment (Ra attained 1 ìm and the nano-hardness of the

subsurface zone increased to 6.1 GPa). One of the reasons for a significant increase in the fatigue charac-

teristics after waterjet treatment is hardening of the surface layer of the material, which becomes an effect-
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ive obstacle to the occurrence and spread of microcracks. Waterjet treatment of samples produced by selec-

tive laser melting makes it possible to solve the problem of increasing fatigue characteristics and improv-

ing the surface quality of Ti – 6Al – 4V, titanium alloy products to be use d in biomedicine.

Keywords: Ti – 6Al – 4V, alloy; additive technologies; selective laser melting; roughness; waterjet treat-

ment; fatigue properties.

Ââåäåíèå

Òèòàíîâûå ñïëàâû øèðîêî èñïîëüçóþòñÿ âî

ìíîãèõ îòðàñëÿõ ïðîìûøëåííîñòè áëàãîäàðÿ

õîðîøåìó ñî÷åòàíèþ ôèçèêî-ìåõàíè÷åñêèõ è

ýêñïëóàòàöèîííûõ õàðàêòåðèñòèê, â ÷àñòíîñòè,

âûñîêîé óäåëüíîé ïðî÷íîñòè è êîððîçèîííîé

ñòîéêîñòè [1 – 5]. Îñíîâíàÿ ïðîáëåìà ïðè èçãî-

òîâëåíèè èçäåëèé èç òèòàíîâûõ ñïëàâîâ çàêëþ-

÷àåòñÿ â ñëîæíîñòè èõ îáðàáîòêè [6, 7]. Íîâîé

àëüòåðíàòèâíîé òåõíîëîãèåé ôîðìîîáðàçîâàíèÿ

òðóäíîîáðàáàòûâàåìûõ ñïëàâîâ ìîæåò ñòàòü

òåõíîëîãèÿ ïîñëîéíîãî ëàçåðíîãî ñïëàâëåíèÿ

(ÏËÑ) [2, 8 – 10]. Òàê, â ðàáîòàõ [8, 9, 11] ïîêàçà-

íî, ÷òî ñòàíäàðòíûå ìåõàíè÷åñêèå õàðàêòåðèñòè-

êè ÏËÑ-îáðàçöîâ òèòàíîâîãî ñïëàâà Ti – 6Al – 4V,

íå óñòóïàþò ñâîéñòâàì àíàëîãîâ, ïîëó÷åííûõ ñ

èñïîëüçîâàíèåì òðàäèöèîííûõ òåõíîëîãèé îáðà-

áîòêè ìåòàëëîâ äàâëåíèåì. Äëÿ ïðàêòè÷åñêîãî

ïðèìåíåíèÿ áîëüøîé èíòåðåñ ïðåäñòàâëÿþò óñ-

òàëîñòíûå ñâîéñòâà ÏËÑ-ìàòåðèàëîâ, èçó÷åíèþ

êîòîðûõ óäåëÿåòñÿ íåäîñòàòî÷íîå âíèìàíèå. Êàê

èçâåñòíî, îäíèì èç âàæíûõ ôàêòîðîâ, âëèÿþùèõ

íà óñòàëîñòíîå ïîâåäåíèå, ÿâëÿåòñÿ ñîñòîÿíèå

ïîâåðõíîñòè, òàê êàê óñòàëîñòíîå ðàçðóøåíèå

ìàòåðèàëà — ñëåäñòâèå çàðîæäåíèÿ ïîâåðõíîñò-

íûõ ìèêðîòðåùèí. Âàæíîñòü óïðàâëåíèÿ ñîñòîÿ-

íèåì ïîâåðõíîñòè, â ÷àñòíîñòè, â ñâÿçè ñ åå âëèÿ-

íèåì íà óñòàëîñòíûå õàðàêòåðèñòèêè ÏËÑ-èçäå-

ëèé, ñâÿçàíà ñ ðàçâèâàþùåéñÿ â íàñòîÿùåå âðå-

ìÿ êîíöåïöèåé ñîçäàíèÿ ñïåöèàëüíûõ ïîâåðõíî-

ñòåé 3D-ýíäîïðîòåçîâ, â òîì ÷èñëå èç ñïëàâà Ti –

6Al – 4V, [12 – 15]. Ìíîãèå èññëåäîâàòåëè îïðåäå-

ëÿþò ñâîéñòâà ïîâåðõíîñòè èìïëàíòàòà êàê îñ-

íîâíîé ôàêòîð äëÿ äîñòèæåíèÿ ýôôåêòèâíîãî

âçàèìîäåéñòâèÿ èìïëàíòàòà ñ òêàíüþ è îñòåîèí-

òåãðàöèè [16]. Äîêàçàíî, ÷òî èìïëàíòàòû ñ îïòè-

ìàëüíîé øåðîõîâàòîñòüþ (íàïðèìåð, Ra � 2 –

4 ìêì [17]) óñèëèâàþò äèôôåðåíöèðîâêó êîñòå-

îáðàçóþùèõ êëåòîê (îñòåîáëàñòîâ), ñíèæàþò

àêòèâíîñòü ðàçðóøàþùèõ êîñòü êëåòîê (îñòåî-

êëàñòîâ) è ñïîñîáñòâóþò ïðèêðåïëåíèþ êîñòè

ê ïîâåðõíîñòè èìïëàíòàòà è åå ìèíåðàëèçàöèè

[17 – 19]. Â äàííîé ðàáîòå ïðîâåäåíî êîìïëåêñ-

íîå èçó÷åíèå âëèÿíèÿ ïîñòîáðàáîòêè ïîâåðõ-

íîñòè ÏËÑ-îáðàçöîâ òèòàíîâîãî ñïëàâà Ti – 6Al –

4V, íà åãî óñòàëîñòíûå õàðàêòåðèñòèêè.

Îáúåêò èññëåäîâàíèÿ

Îáúåêòàìè èññëåäîâàíèé ÿâëÿþòñÿ îáðàçöû

òèòàíîâîãî ñïëàâà Ti – 6Al – 4V,, èçãîòîâëåííûå

ïî òåõíîëîãèè ïîñëîéíîãî ëàçåðíîãî ñïëàâëåíèÿ

ñ èñïîëüçîâàíèåì óñòàíîâêè MTT Realizer SLM

100. Èñïîëüçîâàíû ñëåäóþùèå îñíîâíûå ïàðà-

ìåòðû ñïëàâëåíèÿ: ìîùíîñòü ëàçåðà 100 Âò; ñêî-

ðîñòü ñêàíèðîâàíèÿ 300 ìì/ñ; ðàññòîÿíèå ìåæäó

ëèíèÿìè øòðèõîâêè ñå÷åíèÿ 120 ìêì; ïîâîðîò

ëèíèé øòðèõîâêè ñå÷åíèÿ â êàæäîì ïîñëåäó-

þùåì ñëîå 90°.

Ìåòîäèêà èññëåäîâàíèÿ

ñòðóêòóðû è ñâîéñòâ

Ãðàíóëîìåòðè÷åñêèé ñîñòàâ ïîðîøêà òèòà-

íîâîãî ñïëàâà Ti – 6Al – 4V, (ïðîèçâîäèòåëü “TLS

Technik”) èññëåäîâàí íà ëàçåðíîì àíàëèçàòîðå

ðàçìåðà ÷àñòèö SALD-2300 (Shimadzu). Ñðåäíèé

ðàçìåð ÷àñòèö ñîñòàâëÿåò 45 ìêì, âåëè÷èíà D75

íå ïðåâûøàåò 55 ìêì. Õèìè÷åñêèé ñîñòàâ ïî-

ðîøêà â ñîîòâåòñòâèè ñ ñåðòèôèêàòîì ïðîèçâî-

äèòåëÿ, % ìàññ.: 6,3 Al; 4,5 V; 0,2 Fe; 0,15 O; 0,05

C; 0,03 N; 0,005 H; îñíîâà Ti.

Ïðîâåäåíû èññëåäîâàíèÿ ñòðóêòóðíûõ, ìåõà-

íè÷åñêèõ è óñòàëîñòíûõ õàðàêòåðèñòèê ÏËÑ-

îáðàçöîâ â èñõîäíîì ñîñòîÿíèè è ïîñëå ðàçëè÷-

íûõ âèäîâ ïîñòîáðàáîòêè ïîâåðõíîñòè: òîêàðíîé

îáðàáîòêè íà ñòàíêå DMTG CDS6250B, âèáðîãàë-

òîâî÷íîé îáðàáîòêè íà ìàøèíå CAF Vibro Plus-

ZHM-60À ñ êåðàìè÷åñêèì íàïîëíèòåëåì è ãèäðî-

àáðàçèâíîé îáðàáîòêè íà óñòàíîâêå ÌÑ-40ÑÊ

(ÎÎÎ «Ãèäðîàáðàçèâ»).

Óñòàëîñòíûå èñïûòàíèÿ ïðîâåäåíû íà ñåðâî-

ãèäðàâëè÷åñêîé ìàøèíå Zwick/Amsler HC25

ñîãëàñíî ÃÎÑÒ 25.502–79 íà îáðàçöàõ êðóãëîãî

ñå÷åíèÿ äèàìåòðîì 5 ìì áåç íàäðåçà (êîíöåíòðà-

òîðà). Èñïîëüçîâàëàñü ìÿãêàÿ ñõåìà íàãðóæåíèÿ

â óñëîâèÿõ öèêëè÷åñêîãî ðàñòÿæåíèÿ-ñæàòèÿ ñ

÷àñòîòîé f = 3 Ãö è êîýôôèöèåíòîì àñèììåòðèè

öèêëà íàïðÿæåíèé R
ó

= 0,1. Óðîâåíü ìàêñèìàëü-

íûõ íàïðÿæåíèé â öèêëå ñîñòàâëÿë 750 ÌÏà.

Äëÿ ñòðóêòóðíûõ èññëåäîâàíèé èñïîëüçîâàíû

îïòè÷åñêèé ìèêðîñêîï Leica IM DRM è ðàñòðî-

âûé ýëåêòðîííûé ìèêðîñêîï Jeol JSM-6490.

Èçìåðåíèå øåðîõîâàòîñòè ïîâåðõíîñòè ïðîâåäå-

íî íà ïîðòàòèâíîì èçìåðèòåëå øåðîõîâàòîñòè

TR 100 (TimeGroup). Íàíîòâåðäîñòü îïðåäåëåíà

ñ ïîìîùüþ çîíäîâîé ñèñòåìû äëÿ èçìåðåíèé ìå-

õàíè÷åñêèõ ïàðàìåòðîâ ìåòîäîì íåïðåðûâíîãî

âäàâëèâàíèÿ Agilent Nano Indenter G200.
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Ðåçóëüòàòû ýêñïåðèìåíòàëüíûõ

èññëåäîâàíèé

Íà ðèñ. 1 ïðèâåäåíû èçîáðàæåíèå 3D-ìîäåëè

îáðàçöà äëÿ óñòàëîñòíûõ èñïûòàíèé, à òàêæå

èçîáðàæåíèÿ ôðàãìåíòîâ ðàáî÷åé ÷àñòè îáðàçöà

ïîñëå ðàçëè÷íûõ òèïîâ ïîñòîáðàáîòêè ïîâåðõ-

íîñòè. Âèäíî, ÷òî íà ïîâåðõíîñòè îáðàçöîâ â èñ-

õîäíîì ñîñòîÿíèè ïðèñóòñòâóþò ñïå÷åííûå ÷àñ-

òèöû ïîðîøêà (ðèñ. 1, à, á), ïðè âèáðîãàëòîâî÷-

íîé îáðàáîòêå ïðîèñõîäèò äåôîðìàöèÿ ýòèõ

÷àñòèö (ðèñ. 1, â, ã), òîãäà êàê òîêàðíàÿ è ãèäðî-

àáðàçèâíàÿ ïîñòîáðàáîòêè óäàëÿþò ñ ïîâåðõíî-

ñòè ýòè ÷àñòèöû (ðèñ. 1, ä – ç).
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Ðèñ. 1. Ðàçëè÷íûå ôðàãìåíòû ïîâåðõíîñòè ÏËÑ-îáðàçöà ñïëàâà Ti – 6Al – 4V ñ ðàçëè÷íûì ñîñòîÿíèåì ïîâåðõíîñòè: áåç

îáðàáîòêè (à, á); âèáðîãàëòîâî÷íàÿ îáðàáîòêà (â, ã); òîêàðíàÿ îáðàáîòêà (ä, å); ãèäðîàáðàçèâíàÿ îáðàáîòêà (æ, ç)

Fig. 1. Various fragments of the surface of Ti – 6Al – 4V SLM samples at different surface conditions: untreated (a, b); vibro-

grinding treatment (c, d); turning (e, f); waterjet treatment (g, h)



Â òàáëèöå ïðèâåäåíû ðåçóëüòàòû èçìåðåíèÿ

øåðîõîâàòîñòè ïîâåðõíîñòè îáðàçöîâ ÏËÑ-îá-

ðàçöà ñïëàâà Ti – 6Al – 4V, ïîñëå ðàçëè÷íûõ âè-

äîâ îáðàáîòêè. ÏËÑ-îáðàçöû áåç îáðàáîòêè èìå-

þò ìàêñèìàëüíóþ Ra � 8 ìêì, òîêàðíî-øëèôî-

âàëüíàÿ îáðàáîòêà îáåñïå÷èâàåò ìèíèìàëüíóþ

Ra � 0,1 ìêì.

Çäåñü æå ïðåäñòàâëåíû ðåçóëüòàòû ìàëîöèê-

ëîâûõ óñòàëîñòíûõ èñïûòàíèé ÏËÑ-îáðàçöîâ

ïðè íàãðóçêå 750 ÌÏà ïîñëå ðàçëè÷íûõ âèäîâ

îáðàáîòêè ïîâåðõíîñòè ðàáî÷åé ÷àñòè. Íàáëþäà-

åòñÿ ñóùåñòâåííîå óâåëè÷åíèå ñðåäíåãî ÷èñëà

öèêëîâ äî ðàçðóøåíèÿ ïðè óìåíüøåíèè øåðîõî-

âàòîñòè ïîâåðõíîñòè äëÿ âñåõ âèäîâ îáðàáîòêè,

çà èñêëþ÷åíèåì òîêàðíî-øëèôîâàëüíîé. Ïîêàçà-

íî, ÷òî èñïîëüçîâàíèå ãèäðîàáðàçèâíîé îáðàáîò-

êè, ïîñëå êîòîðîé Ra = 1 ìêì, ïîçâîëÿåò óâåëè-

÷èòü êîëè÷åñòâî öèêëîâ äî ðàçðóøåíèÿ â ÷åòûðå

ðàçà ïî ñðàâíåíèþ ñ èñõîäíûì ñîñòîÿíèåì ïîñëå

ÏËÑ. Âèáðîãàëòîâî÷íàÿ îáðàáîòêà íå îêàçûâàåò

ñóùåñòâåííîãî âëèÿíèÿ íà óñòàëîñòíûå õàðàê-

òåðèñòèêè îáðàçöîâ ïî ñðàâíåíèþ ñ èñõîäíûì

ñîñòîÿíèåì ïîñëå ÏËÑ.

Ôðàêòîãðàôè÷åñêèé àíàëèç ïîêàçûâàåò, ÷òî

íà âñåõ èññëåäóåìûõ îáðàçöàõ ìîæíî âûäåëèòü

êëàññè÷åñêèå çîíû ðàçðóøåíèÿ, à èìåííî — çîíó

çàðîæäåíèÿ ìèêðîòðåùèíû, çîíó ìåäëåííîãî

ðîñòà òðåùèíû, çîíó óñêîðåííîãî ðîñòà òðåùèíû

è çîíó äîëîìà (ðèñ. 2). Âèäíî, ÷òî âî âñåõ ñëó÷àÿõ

î÷àãè ðàçðóøåíèÿ ðàñïîëîæåíû íà ïîâåðõíîñòè

îáðàçöîâ. Â èñõîäíîì ñîñòîÿíèè è ïîñëå òîêàð-

íîé îáðàáîòêè íàáëþäàåòñÿ ìíîãîî÷àãîâîå ðàçðó-

øåíèå. Â çîíàõ çàðîæäåíèÿ è ìåäëåííîãî ðîñòà

ìèêðîòðåùèí ìîæíî íàáëþäàòü òèïè÷íûå óñòà-

ëîñòíûå áîðîçäêè, ðàñïîëîæåííûå ïåðïåíäè-

êóëÿðíî íàïðàâëåíèþ ðîñòà ìèêðîòðåùèíû.

Ðàññòîÿíèå ìåæäó áîðîçäêàìè ñîñòàâëÿåò îêîëî

1 ìêì (ñì. ðèñ. 2, ã). Çîíà ìåäëåííîãî ðîñòà òðå-

ùèíû õàðàêòåðèçóåòñÿ ìàëîé ñòåïåíüþ øåðîõî-

âàòîñòè èçëîìà è çàíèìàåò íå áîëåå 5 % îò îáùåé

ïëîùàäè èçëîìà, òîãäà êàê çîíà óñêîðåííîãî ðàñ-

ïðîñòðàíåíèÿ òðåùèíû ñ áîëåå âûðàæåííûì

ðåëüåôîì è çîíà äîëîìà ñîñòàâëÿþò îêîëî 75 è

20 % îò îáùåé ïëîùàäè èçëîìà ñîîòâåòñòâåííî.

Ïîäîáíûé âèä ðàçðóøåíèÿ, íàáëþäàåìûé â óñëî-

âèÿõ ìàëîöèêëîâîé óñòàëîñòè, õàðàêòåðåí äëÿ

îäíîîñíîãî ðàñòÿæåíèÿ — ñæàòèÿ. Èç ðèñ. 2 âèä-

íî, ÷òî çîíû óñòàëîñòíîãî ðàçðóøåíèÿ èìåþò

èäåíòè÷íûé âèä äëÿ âñåõ âèäîâ îáðàáîòêè ïî-

âåðõíîñòè, ÷òî ìîæåò ñâèäåòåëüñòâîâàòü îá èäåí-

òè÷íûõ ìåõàíèçìàõ ðàçðóøåíèÿ. Òàêèì îáðàçîì,

ñóùåñòâåííîå îòëè÷èå â êîëè÷åñòâå öèêëîâ äî

ðàçðóøåíèÿ ìîæåò áûòü ñâÿçàíî òîëüêî ñ ïåðâîé

ñòàäèåé óñòàëîñòíîãî ðàçðóøåíèÿ — çàðîæäåíè-

åì òðåùèíû.

Îáñóæäåíèå ðåçóëüòàòîâ

Â òàáëèöå ïðèâåäåíû ðåçóëüòàòû èññëåäîâà-

íèÿ âëèÿíèÿ êà÷åñòâà ïîäãîòîâêè ïîâåðõíîñòè

íà ñðåäíåå ÷èñëî öèêëîâ äî ðàçðóøåíèÿ óñòàëî-

ñòíûõ ÏËÑ-îáðàçöîâ Ti – 6Al – 4V,. Èç íåå âèäíî,

÷òî âèáðîãàëòîâî÷íàÿ îáðàáîòêà ïðàêòè÷åñêè íå

âëèÿåò íà óñòàëîñòíûå õàðàêòåðèñòèêè, íåñìîò-

ðÿ íà óìåíüøåíèå øåðîõîâàòîñòè Ra îò 8 äî

3,5 ìêì, ÷òî ìîæåò áûòü ñâÿçàíî ñ ñîõðàíåíèåì

ïîñëå îáðàáîòêè ïîâåðõíîñòíûõ äåôåêòîâ, ÿâ-

ëÿþùèõñÿ êîíöåíòðàòîðàìè ïðè óñòàëîñòíîì

ðàçðóøåíèè. Ïðè ýòîì õàðàêòåðíûé ðàçìåð ýòèõ

äåôåêòîâ, âåðîÿòíî, ñîèçìåðèì ñ ðàçìåðîì äå-

ôåêòîâ â ñîñòîÿíèè ïîñëå ÏËÑ áåç îáðàáîòêè.

Ãèäðîàáðàçèâíàÿ îáðàáîòêà îáåñïå÷èâàåò øåðî-

õîâàòîñòü ïîâåðõíîñòè îêîëî 1 ìêì, ÷òî ÿâëÿåòñÿ

îïòèìàëüíûì ïîêàçàòåëåì äëÿ ìåäèöèíñêèõ èì-

ïëàíòîâ, îïòèìàëüíûìè ïîêàçàòåëÿìè øåðîõî-

âàòîñòè äëÿ êîòîðûõ ñ÷èòàþòñÿ çíà÷åíèÿ 2 –

4 ìêì [17]. Îòíîñèòåëüíî âûñîêîå çíà÷åíèå óñòà-

ëîñòíîé äîëãîâå÷íîñòè îáðàçöîâ ïîñëå ãèäðîàá-

ðàçèâíîé îáðàáîòêè ìîæåò áûòü ñâÿçàíî ñ âûñî-

êîïðî÷íûì ñîñòîÿíèåì ïîâåðõíîñòè.

Èññëåäîâàíèå ðàäèàëüíîãî ðàñïðåäåëåíèÿ

íàíîòâåðäîñòè (ãëóáèíà èíäåíòèðîâàíèÿ ñîñòàâ-

ëÿëà 200 íì) îáðàçöîâ â èñõîäíîì ñîñòîÿíèè (ïî-

ñëå ÏËÑ), ïîñëå òîêàðíîé è ãèäðîàáðàçèâíîé îá-

ðàáîòîê ïîêàçàëî, ÷òî íà ðàññòîÿíèè îò 5 äî

40 ìêì îò ïîâåðõíîñòè åå çíà÷åíèÿ äëÿ âñåõ îá-

ðàçöîâ îñòàþòñÿ ïîñòîÿííûìè â èíòåðâàëå 4,5 –

5 ÃÏà (ðèñ. 3). Ïðè ýòîì â ÏËÑ-îáðàçöàõ ïîñëå

ãèäðîàáðàçèâíîé îáðàáîòêè â ïðèïîâåðõíîñòíûõ

ñëîÿõ íà ãëóáèíå, íå ïðåâûøàþùåé 5 ìêì,

íàíîòâåðäîñòü óâåëè÷èâàåòñÿ íà 20 % (îò 5 äî

6 ÃÏà).
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Âëèÿíèå ïîñòîáðàáîòêè íà øåðîõîâàòîñòü, íàíîòâåðäîñòü è êîëè÷åñòâî öèêëîâ äî ðàçðóøåíèÿ (ïðè àìïëèòóäå íàïðÿæå-

íèé 337,5 ÌÏà) ÏËÑ-îáðàçöîâ òèòàíîâîãî ñïëàâà Ti – 6Al – 4V

Effect of the post-treatment of Ti – 6Al – 4V SLM samples on the roughness, nano-hardness and the number of cycles to failure

(with stress amplitude 337.5 MPa)

Ïàðàìåòðû Áåç îáðàáîòêè
Âèáðîãàëòîâî÷íàÿ

îáðàáîòêà

Ãèäðîàáðàçèâíàÿ

îáðàáîòêà

Òîêàðíî-øëèôî-

âàëüíàÿ îáðàáîòêà

Øåðîõîâàòîñòü Ra, ìêì 8 (±2) 3,5 (±0,5) 1,0 (±0,2) 0,1 (±0,02)

Íàíîòâåðäîñòü, ÃÏà 5,1 (±0,1) — 6,1(±0,1) 5,0 (±0,1)

Ñðåäíåå ÷èñëî öèêëîâ äî ðàçðóøåíèÿ N 2100 2400 8400 7200
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Ðèñ. 2. Òèïè÷íûå èçîáðàæåíèÿ èçëîìîâ ÏËÑ-îáðàçöîâ Ti – 6Al – 4V áåç îáðàáîòêè (à, á) è ïîñëå ðàçëè÷íûõ âèäîâ îáðà-

áîòêè ïîâåðõíîñòè: âèáðîãàëòîâî÷íîé (â, ã); òîêàðíîé (ä, å); ãèäðîàáðàçèâíîé (æ, ç); ðèìñêèìè öèôðàìè îáîçíà÷åíû ðàç-

ëè÷íûå çîíû ðàçðóøåíèÿ: çàðîæäåíèÿ ìèêðîòðåùèíû (I), ìåäëåííîãî ðîñòà òðåùèíû (II), áûñòðîãî ðîñòà òðåùèíû (III)

è äîëîìà (IV)

Fig. 2. Typical images of fractures of Ti – 6Al – 4V SLM samples without treatment (a, b) and after various modes of the sur-

face treatment: vibro-grinding treatment (c, d); turning (e, f); waterjet treatment (g, h). Roman numbers indicate various frac-

ture zones: the microcrack nucleation zone (I), the slow crack growth zone (II), the rapid crack growth zone (III), and zone of

final fracture (IV)



Íåîáõîäèìî îòìåòèòü, ÷òî ýôôåêò óïðî÷íå-

íèÿ ïðèïîâåðõíîñòíîãî ñëîÿ ïîñëå ãèäðîàáðàçèâ-

íîé îáðàáîòêè îïèñàí è â äðóãèõ ðàáîòàõ, ñâÿçàí-

íûõ ñ èññëåäîâàíèåì ñïëàâà Ti – 6Al – 4V,

[20 – 25]. Áîëüøèíñòâî èññëåäîâàòåëåé ñâÿçûâà-

þò óâåëè÷åíèå ïðî÷íîñòè ñ ïîäàâëåíèåì ðîñòà

òðåùèí, îáóñëîâëåííîãî, âî-ïåðâûõ, âîçíèêíîâå-

íèåì îñòàòî÷íûõ ñæèìàþùèõ íàïðÿæåíèé [21 –

24] è, âî-âòîðûõ, èçìåíåíèåì ñòðóêòóðû ïðèïî-

âåðõíîñòíîãî ñëîÿ, â òîì ÷èñëå óìåíüøåíèåì

ðàçìåðà çåðíà è óâåëè÷åíèåì ïëîòíîñòè äèñëîêà-

öèé [21, 22, 26]. Èçâåñòíî, ÷òî âûñîêàÿ ñêîðîñòü

êðèñòàëëèçàöèè âî âðåìÿ ïðîöåññà ëàçåðíîãî

ñïëàâëåíèÿ (105 – 107 Ê/ñ [27, 28]) òèòàíîâîãî

ñïëàâà Ti – 6Al – 4V, ïðèâîäèò ê ôîðìèðîâàíèþ

èãîëü÷àòîé ìàðòåíñèòíîé ñòðóêòóðû. Ïîñëå ãèä-

ðîàáðàçèâíîé îáðàáîòêè ñòðóêòóðà â ïðèïîâåðõ-

íîñòíîì ñëîå (ðèñ. 4, à) èçìåëü÷àåòñÿ, ÷òî ñïîñîá-

ñòâóåò ïîâûøåíèþ íàíîòâåðäîñòè. Òàêàÿ ñòðóê-

òóðà òîðìîçèò ïðîöåññ çàðîæäåíèÿ è ðàñïðîñòðà-

íåíèÿ ìèêðîòðåùèí. Îáû÷íî ïðåäïîëàãàåòñÿ,

÷òî îñíîâíûì ôàêòîðîì, îïðåäåëÿþùèì óñòàëî-

ñòíóþ ïðî÷íîñòü, ÿâëÿåòñÿ óðîâåíü øåðîõîâà-

òîñòè. Ïðèíÿòî ñ÷èòàòü, ÷òî áîëåå ãëàäêàÿ ïî-

âåðõíîñòü ñ íèçêèì óðîâíåì øåðîõîâàòîñòè îáåñ-

ïå÷èâàåò áîëåå âûñîêèå óñòàëîñòíûå ñâîéñòâà

[29, 30]. Îäíàêî â íåêîòîðûõ ðàáîòàõ àâòîðû îò-

ìå÷àþò, ÷òî ïîâûøåíèå êà÷åñòâà ïîâåðõíîñòè íå

îêàçûâàåò âëèÿíèÿ íà óñòàëîñòíûå ñâîéñòâà

[9, 31, 32]. Ïîëó÷åííûå â äàííîé ðàáîòå ðåçóëü-

òàòû òàêæå ïîäòâåðæäàþò, ÷òî â ñëó÷àå ÏËÑ-ìà-

òåðèàëîâ ïðÿìàÿ êîððåëÿöèÿ ìåæäó êà÷åñòâîì

ïîâåðõíîñòè è ïîêàçàòåëÿìè óñòàëîñòíûõ õà-

ðàêòåðèñòèê íàáëþäàåòñÿ íå âñåãäà. Äëÿ ïîâû-

øåíèÿ óñòàëîñòíûõ õàðàêòåðèñòèê íåîáõîäèìî

îáåñïå÷èòü íå òîëüêî ãëàäêîñòü ïîâåðõíîñòè, íî

è ôîðìèðîâàíèå íà ïîâåðõíîñòè óïðî÷íÿþùåãî

ñëîÿ íà ãëóáèíó ïîðÿäêà ðàçìåðà çàðîäûøåâîé

óñòàëîñòíîé òðåùèíû â ìàòåðèàëå. Â ñëó÷àå Ti –

6Al – 4V, ïðè íàãðóçêàõ ~750 ÌÏà ýòà âåëè÷èíà
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Ðèñ. 3. Ðàäèàëüíîå ðàñïðåäåëåíèå íàíîòâåðäîñòè ÏËÑ-îáðàçöîâ Ti – 6Al – 4V, ïîñëå ðàçëè÷íûõ âèäîâ îáðàáîòêè ïîâåðõ-

íîñòè

Fig. 3. Radial distribution of the nano-hardness of Ti – 6Al – 4V SLM samples after various types of surface treatment

à á

Ðèñ. 4. Ìèêðîñòðóêòóðà ÏËÑ-îáðàçöîâ Ti – 6Al – 4V, ïîñëå ãèäðîàáðàçèâíîé îáðàáîòêè: à — ïðèïîâåðõíîñòíàÿ îáëàñòü

îáðàçöà; á — öåíòðàëüíàÿ ÷àñòü ïîïåðå÷íîãî ñå÷åíèÿ îáðàçöà

Fig. 4. Microstructure of Ti – 6Al – 4V, SLM samples after waterjet treatment: a — near surface area of the sample; b — cen-

tral part of the sample cross-section



ñîñòàâëÿåò ~5 ìêì. Óïðî÷íåíèå íà òàêóþ ãëóáè-

íó îäíîâðåìåííî ñ ïîíèæåíèåì øåðîõîâàòîñòè

äî ~1 ìêì ìîæåò áûòü îáåñïå÷åíî ïóòåì èñïîëü-

çîâàíèÿ ãèäðîàáðàçèâíîé îáðàáîòêè.

Çàêëþ÷åíèå

Â ðàáîòå ïðèâåäåíû ðåçóëüòàòû èññëåäîâà-

íèé âëèÿíèÿ êà÷åñòâà ïîâåðõíîñòè îáðàçöîâ òè-

òàíîâîãî ñïëàâà Ti – 6Al – 4V,, ïîëó÷åííûõ ñ èñ-

ïîëüçîâàíèåì ïîñëîéíîãî ëàçåðíîãî ñïëàâëåíèÿ,

íà óñòàëîñòíûå õàðàêòåðèñòèêè. Ïîêàçàíî, ÷òî

ãèäðîàáðàçèâíàÿ îáðàáîòêà ïîâåðõíîñòè ÏËÑ-

îáðàçöîâ ïîçâîëÿåò îáåñïå÷èòü øåðîõîâàòîñòü

Ra � � 1 ìêì ñ îäíîâðåìåííûì óïðî÷íåíèåì ïî-

âåðõíîñòíîãî ñëîÿ íà ãëóáèíó îêîëî 5 ìêì, ÷òî

ïðèâîäèò ê ÷åòûðåõêðàòíîìó ðîñòó ÷èñëà öèêëîâ

äî ðàçðóøåíèÿ. Ýòî îòêðûâàåò øèðîêèå ïåðñïåê-

òèâû èñïîëüçîâàíèÿ ãèäðîàáðàçèâíîé îáðàáîòêè

ïîâåðõíîñòåé ÏËÑ-èçäåëèé. Íåîáõîäèìî îòìå-

òèòü òàêæå, ÷òî äàííûé âèä ïîñòîáðàáîòêè â îò-

ëè÷èå îò àëüòåðíàòèâíûõ ìåòîäîâ (òî÷åíèå,

øëèôîâàíèå, ãàëòîâàíèå è ò.ä.) ïîçâîëÿåò îáðà-

áàòûâàòü ñëîæíûå ïîâåðõíîñòè, âêëþ÷àÿ âíóò-

ðåííèå ôóíêöèîíàëüíûå êàíàëû èçäåëèé, ÷òî

ìîæåò áûòü èñïîëüçîâàíî äëÿ ïîñòîáðàáîòêè ýí-

äîïðîòåçîâ ñî ñëîæíîé âíóòðåííåé ãåîìåòðèåé.
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