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Ïðîâåäåíî èññëåäîâàíèå âëèÿíèÿ âíóòðåííåãî äàâëåíèÿ íà ðàñïðåäåëåíèå òâåðäîñòè â ñòåíêå òîïëèâîïðîâîäà. 
Â êîíòóðàõ âûñîêîãî äàâëåíèÿ ñèñòåì Common Rail äàâëåíèå òîïëèâà íàìíîãî ïðåâûøàåò óðîâåíü äàâëåíèÿ 
â òðàäèöèîííûõ òîïëèâíûõ ñèñòåìàõ. Âñëåäñòâèå ýòîãî ïðåäñòàâëÿåò ïðàêòè÷åñêèé èíòåðåñ èçìåíåíèå ìåõà-
íè÷åñêèõ ñâîéñòâ ìàòåðèàëîâ äåòàëåé â ïðîöåññå ýêñïëóàòàöèè. Â íàñòîÿùåé ðàáîòå áûëà ñäåëàíà ïîïûòêà 
îöåíêè âëèÿíèÿ ìíîãîöèêëîâîãî íàãðóæåíèÿ òîïëèâîïðîâîäà âûñîêèì âíóòðåííèì äàâëåíèåì íà òâåðäîñòü 
ìàòåðèàëà, èç êîòîðîãî áûë èçãîòîâëåí òîïëèâîïðîâîä. Íàãðóæåíèå îñóùåñòâëÿëè â óñëîâèÿõ áåçìîòîðíîãî 
èñïûòàòåëüíîãî ñòåíäà äàâëåíèåì äèçåëüíûì òîïëèâîì ïîä äàâëåíèåì 160 ÌÏà. Ïðîäîëæèòåëüíîñòü èñïû-
òàíèé ñîñòàâëÿëà 500 ÷àñîâ. Ïðè âûáðàííûõ ÷àñòîòå âðàùåíèÿ âàëà íàñîñà è ÷àñòîòå ñðàáàòûâàíèÿ êëàïàíîâ 
ýëåêòðîãèäðîóïðàâëÿåìûõ ôîðñóíîê ýòî áûëî ýêâèâàëåíòíî ïðèìåðíî 96õ106 öèêëîâ. Ïåðåä èñïûòàíèÿìè 
è ïî èõ çàâåðøåíèþ áûëè ïðîèçâåäåíû èçìåðåíèÿ òâåðäîñòè â ïîïåðå÷íîì ñå÷åíèè òîïëèâîïðîâîäîâ. Ïîëó-
÷åíû ðàñïðåäåëåíèÿ çíà÷åíèé òâåðäîñòè, ñâèäåòåëüñòâóþùèå î ñóùåñòâîâàíèè – â äàííûõ óñëîâèÿõ íàãðóæå-
íèÿ – ïðîöåññà ñàìîóïðî÷íåíèÿ ìàòåðèàëà. Â èñõîäíîì ñîñòîÿíèè òîïëèâîïðîâîäû õàðàêòåðèçóþòñÿ íåêîòî-
ðîé àíèçîòðîïèåé òâåðäîñòè è, ñîîòâåòñòâåííî, ïðî÷íîñòíûõ õàðàêòåðèñòèê. Ïðè ýòîì íåîäíîðîäíîñòü ïîëÿ 
çíà÷åíèé òâåðäîñòè óìåíüøàåòñÿ ñ óìåíüøåíèåì ðàäèóñà ðàñïîëîæåíèÿ ñëîÿ ìàòåðèàëà. Ðàññåÿíèå çíà÷åíèé 
òâåðäîñòè èìååò ìåñòî êàê âäîëü îñè òîïëèâîïðîâîäà, òàê è â îêðóæíîì íàïðàâëåíèè. Íàãðóæåíèå òîïëèâî-
ïðîâîäîâ ñèñòåìû òèïà Common Rail ïóëüñèðóþùèì ãèäðàâëè÷åñêèì äàâëåíèåì ïðèâîäèò ê ïåðåðàñïðåäå-
ëåíèþ çíà÷åíèé òâåðäîñòè â ñòåíêå òîïëèâîïðîâîäîâ. Îáíàðóæåíî, ÷òî â ñëîÿõ ìàòåðèàëà, ðàñïîëîæåííûõ 
áëèæå ê öåíòðàëüíîìó êàíàëó òîïëèâîïðîâîäà, âûðàâíèâàíèå òâåðäîñòè, ïî ìåðå íàðàáîòêè, ïðîèñõîäèò â 
áîëüøåé ñòåïåíè, ÷åì â ñëîÿõ, óäàëåííûõ îò öåíòðàëüíîãî êàíàëà. Â öåëîì ïðîèñõîäèò ïîâûøåíèå òâåðäîñòè, 
÷òî ìîæíî òðàêòîâàòü, êàê óïðî÷íåíèå òîïëèâîïðîâîäà ïðè ðàáîòå.
Êëþ÷åâûå ñëîâà: òâåðäîñòü, òðóáà, ñå÷åíèå, íàðàáîòêà.

Investigation of the effect of internal pressure on the distribution of hardness in the fuel pipe wall was conducted. In 
the high pressure circuits of Common Rail systems, the fuel pressure is much higher than the pressure level in con-
ventional fuel systems. Thas is why it is of practical interest to change the mechanical properties of the component 
materials during operation. In the present work, an attempt was made to evaluate the influence of the multi-cycle 
loading of the fuel pipe with a high internal pressure on the hardness of the material from which the fuel line was 
made. The loading was carried out under the conditions of a non-motorized test bench with a pressure of diesel fuel 
of 160 MPa. The test duration was 500 hours. With the selected pump shaft speed and the response frequency of 
the electrohydraulic control valves this was equivalent to approximately 96x106 cycles. Before and after the tests, 
hardness measurements were made in the cross section of the fuel lines. The distributions of hardness values are 
obtained, which testify the existence, under the given loading conditions of a self-hardening process of the mate-
rial. In the initial state, fuel lines are characterized by a certain anisotropy of hardness and, accordingly, strength 
characteristics. In this case, the inhomogeneity of the field of values of hardness decreases with decreasing radius of 
location of the material layer. Dispersion of hardness values takes place both along the axis of the fuel pipe and in the 
circumferential direction. Loading of fuel pipes of the Common Rail type with pulsating hydraulic pressure leads to 
a redistribution of the hardness values in the fuel pipe wall. It is found that in the layers of material located closer to 
the central channel of the fuel pipe, the hardness equalization occurs to a greater extent as it is used, than in layers 
located far from the central channel. In general, the hardness is increased, which can be interpreted as the hardening 
of the fuel line during operation.
Keywords: hardness, pipe, cross section, result.
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 Ââåäåíèå
Èññëåäîâàíèÿ ðîññèéñêèõ è èíîñòðàííûõ 

ñïåöèàëèñòîâ ïîäòâåðæäàþò íàëè÷èå îñòàòî÷-
íûõ íàïðÿæåíèé â ïðîêàòíûõ ïðîôèëÿõ [1], â 
òîì ÷èñëå â òîíêîñòåííûõ ñòàëüíûõ òðóáàõ 
[2]. Â îñíîâå òåõíîëîãèè èçãîòîâëåíèÿ òîíêî-
ñòåííûõ è òîëñòîñòåííûõ õîëîäíîäåôîðìèðî-
âàííûõ ñòàëüíûõ òðóá ëåæèò îáùèé ïðèíöèï 
ìíîãîêðàòíîãî âîëî÷åíèÿ, ïîýòîìó ìîæíî 
ïðåäïîëîæèòü, ÷òî â òîëñòîñòåííûõ ñòàëüíûõ 
áåñøîâíûõ òðóáàõ ñóùåñòâóþò îñòàòî÷íûå 
íàïðÿæåíèÿ. Ýòè íàïðÿæåíèÿ îáóñëîâëåíû, 
â òîì ÷èñëå, ïîâåðõíîñòíûì ïëàñòè÷åñêèì 
äåôîðìèðîâàíèåì êàê íà ýòàïå èçãîòîâëåíèÿ 
ïðîêàòà – ïðè âîëî÷åíèè, òàê è íà ýòàïå èçãî-
òîâëåíèè êîíå÷íîãî èçäåëèÿ – ïðè âûñàäêå ñî-
åäèíèòåëüíûõ ãîëîâîê è ãèáî÷íûõ îïåðàöèÿõ.

Îïðåäåëåíèå îñòàòî÷íûõ íàïðÿæåíèé ÿâ-
ëÿåòñÿ àêòóàëüíîé, íî ñëîæíîé çàäà÷åé [3]. 
Ìåòîäû îáíàðóæåíèÿ, èçìåðåíèÿ è àíàëèçà 
îñòàòî÷íûõ íàïðÿæåíèé ïîäðîáíî îïèñàíû â 
ëèòåðàòóðå [1, 4–9]. Âî ìíîãèõ ñëó÷àÿõ îáíà-
ðóæåíèå è èçìåðåíèå îñòàòî÷íûõ íàïðÿæåíèé 
òðåáóþò íàëè÷èÿ ñïåöèàëüíîãî, âåñüìà äîðî-
ãîñòîÿùåãî, îáîðóäîâàíèÿ. Â òî æå âðåìÿ èç-
âåñòåí îòíîñèòåëüíî ïðîñòîé ìåòîä ýêñïðåññ-
àíàëèçà íàïðÿæåííîãî ñîñòîÿíèÿ äåòàëè, 
íàçûâàåìûé ìåòîäîì òâåðäîñòè. Ýòîò ìåòîä 
ïîçâîëÿåò ñäåëàòü êà÷åñòâåííóþ îöåíêó íàïðÿ-
æåííîãî ñîñòîÿíèÿ äåòàëè â êîíêðåòíîì ñå÷å-
íèè [8]. 

Èíòåðåñ ê ðàñïðåäåëåíèþ òâåðäîñòè â ñå-
÷åíèÿõ äåòàëåé ó ìíîãèõ ñïåöèàëèñòîâ îáú-
ÿñíÿåòñÿ ñóùåñòâîâàíèåì âçàèìîñâÿçè ìåæäó 
òâåðäîñòüþ è íàïðÿæåíèÿìè, â ÷àñòíîñòè îñòà-
òî÷íûìè íàïðÿæåíèÿìè. Òâåðäîñòü êàê óíè-
âåðñàëüíàÿ õàðàêòåðèñòèêà ìàòåðèàëà äåòàëè 
èñïîëüçîâàíà äëÿ àíàëèçà ñòàëüíûõ òðóáîïðî-
âîäîâ, â ÷àñòíîñòè, â ðàáîòå Å.Â. Ïîÿðêîâà è 
È.Ð. Êóçååâà [6]. Áûëî ïîêàçàíî, ÷òî êàðòèíà 
ðàñïðåäåëåíèÿ òâåðäîñòè ïî ñå÷åíèþ äåòàëè 
ïîçâîëÿåò îöåíèòü íåîäíîðîäíîñòü ìåõàíè÷å-
ñêèõ õàðàêòåðèñòèê ìàòåðèàëà êàê êîñâåííîå 
îòðàæåíèå íàïðÿæåííîãî ñîñòîÿíèÿ.

Ðàçâèòèå îòå÷åñòâåííûõ êîíñòðóêöèé òî-
ïëèâíûõ ñèñòåì òèïà Common Rail ïðèâîäèò 
ê íåîáõîäèìîñòè ðåøåíèÿ ìíîãèõ òåõíè÷åñêèõ 
çàäà÷, ñâÿçàííûõ, â òîì ÷èñëå, ñ ïðîåêòèðîâà-
íèåì, ïðîèçâîäñòâîì è ýêñïëóàòàöèåé òîïëè-
âîïðîâîäîâ âûñîêîãî äàâëåíèÿ. Ïðåäñòàâëÿåò 
ïðàêòè÷åñêèé èíòåðåñ, â ÷àñòíîñòè, èçìåíåíèå 
ìåõàíè÷åñêèõ õàðàêòåðèñòèê, íàïðèìåð òâåð-
äîñòè â ïðîöåññå ýêñïëóàòàöèè.

Öåëü èññëåäîâàíèÿ
Öåëüþ èññëåäîâàíèÿ ÿâëÿåòñÿ îöåíêà âëè-

ÿíèÿ ìíîãîöèêëîâîãî íàãðóæåíèÿ ñòàëüíîé 
áåñøîâíîé òðóáû òîïëèâîïðîâîäà âûñîêîãî 
äàâëåíèÿ âíóòðåííèì äàâëåíèåì ïðè çíàêîïî-
ñòîÿííîì àñèììåòðè÷íîì öèêëå íà òâåðäîñòü 
ìàòåðèàëà.

Ìàòåðèàëû è ìåòîäû èññëåäîâàíèé
Èññëåäîâàíèÿ áûëè ïðîâåäåíû äëÿ áåñ-

øîâíûõ òðóá ðàçìåðíîñòè Ø8×âí.3, èçãî-
òîâëåííûõ èç ñòàëè òèïà St52. Ôàêòè÷åñêèé 
õèìè÷åñêèé ñîñòàâ ñòàëè (íàáîð ëåãèðóþùèõ 
ýëåìåíòîâ) ïðèâåäåí â òàáë. 1.

Òàáëèöà 1

Õèìè÷åñêèé ñîñòàâ ñòàëè òðóáû

Õèìè÷åñêèé 
ýëåìåíò C Si Mn P S

Ñîäåðæàíèå, % 0,220 0,550 1,600 0,035 0,035

Èç òðóáû áûëè èçãîòîâëåíû äâà òîïëèâî-
ïðîâîäà, óñòàíîâëåíû íàêèäíûå ãàéêè è âûñà-
æåíû ñîåäèíèòåëüíûå ãîëîâêè ñ óïëîòíèòåëü-
íûì ïðîôèëåì. 

Òâåðäîñòü èçìåðÿëè íà ìèêðîòâåðäîìåðå 
SHIMADZU HMV-G21DT â íåñêîëüêèõ ïî-
ïåðå÷íûõ ñå÷åíèÿõ îáðàçöîâ äî è ïîñëå íà-
ðàáîòêè íà îêðóæíîñòÿõ äâóõ ðàäèóñîâ: R2 è 
R3,5 ìì. Íà êàæäîé îêðóæíîñòè òâåðäîñòü èç-
ìåðÿëè â âîñüìè ðàâíîðàñïîëîæåííûõ òî÷êàõ. 
Êîíòðîëüíûå ñå÷åíèÿ ðàñïîëàãàëè íà ïðÿìûõ 
ó÷àñòêàõ òðóáû, ÷òîáû èñêëþ÷èòü âîçìîæíûå 
èñêàæåíèÿ èç-çà âëèÿíèÿ ïåðåðàñïðåäåëåíèÿ 
òâåðäîñòè ïðè ãèáêå.

Îáðàçåö òîïëèâîïðîâîäà âûñîêîãî äàâëå-
íèÿ áûë óñòàíîâëåí íà áåçìîòîðíûé ñòåíä äëÿ 
îáêàòêè êîìïîíåíòîâ òîïëèâíûõ ñèñòåì òèïà 
Common Rail – íàñîñîâ âûñîêîãî äàâëåíèÿ è 
ôîðñóíîê. Òîïëèâîïðîâîä ñîåäèíÿë òîïëèâ-
íûé àêêóìóëÿòîð âûñîêîãî äàâëåíèÿ è ýëåê-
òðîóïðàâëÿåìóþ ôîðñóíêó. Îäíîâðåìåííî íà 
ñòåíäå îáêàòûâàëîñü 4 ôîðñóíêè. ×àñòîòà âðà-
ùåíèÿ âàëà òîïëèâíîãî íàñîñà âûñîêîãî äàâ-
ëåíèÿ ñîñòàâëÿëà 3200 ìèí-1, ÷àñòîòà ñðàáàòû-
âàíèé ýëåêòðîìàãíèòíûõ êëàïàíîâ ôîðñóíîê 
áûëà óñòàíîâëåíà ðàâíîé ÷àñòîòå âðàùåíèÿ 
âàëà íàñîñà, òî åñòü çà îäèí îáîðîò ïðîèñõî-
äèëî ïî îäíîìó âïðûñêó êàæäîé ôîðñóíêîé. 
Ñèñòåìíîå äàâëåíèå òîïëèâà â àêêóìóëÿòîðå 
ñîñòàâëÿëî 160 ÌÏà íà âñåì ïðîòÿæåíèè èñ-
ïûòàíèé. Îáùèé âèä òîïëèâíîé àïïàðàòóðû, 
óñòàíîâëåííîé íà ñòåíäå, ïîêàçàí íà ðèñ. 1.
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Ðèñ. 1. Îáùèé âèä òîïëèâíîé àïïàðàòóðû, 
óñòàíîâëåííîé íà ñòåíäå. Íà ïåðåäíåì ïëàíå – 

äëèííûå îïûòíûå òîïëèâîïðîâîäû 
âûñîêîãî äàâëåíèÿ

×èñòàÿ íàðàáîòêà ñîñòàâèëà 500 ÷àñîâ. 
Â äàííîé ðàáîòå íå ïðèíèìàëè âî âíèìàíèå 

âîçíèêíîâåíèå è ñóùåñòâîâàíèå èíûõ êîëå-
áàíèé äàâëåíèÿ â òîïëèâîïðîâîäå, ÷åì âîëíû 
ðàçðåæåíèÿ, âîçíèêàþùèå ïðè âïðûñêå ôîð-
ñóíêîé. Íàãðóæåíèå òîïëèâîïðîâîäà ðàññìà-
òðèâàëè, êàê ñîáûòèå, èíèöèèðóåìîå òîëüêî 
âïðûñêîì òîïëèâà ôîðñóíêîé. Ïîýòîìó êîëè-
÷åñòâî öèêëîâ íàãðóæåíèÿ ñ÷èòàëè ðàâíûì 
êîëè÷åñòâó âïðûñêîâ çà âðåìÿ íàðàáîòêè. Çà 
500 ÷àñîâ ðàáîòû ñòåíäà êîëè÷åñòâî öèêëîâ 
íàãðóæåíèÿ ñîñòàâèëî îêîëî 96×106. Ýòî ïî-
çâîëÿåò îöåíèâàòü ïðîâåäåííîå íàãðóæåíèå 
òîïëèâîïðîâîäà êàê ìíîãîöèêëîâîå.

Ðåçóëüòàòû èçìåðåíèé òâåðäîñòè â ïîïåðå÷-
íûõ ñå÷åíèÿõ òîïëèâîïðîâîäîâ äî è ïîñëå íà-
ðàáîòêè ïðèâåäåíû íà ðèñ. 2.

 à á

Ðèñ. 2. Èçìåíåíèå òâåðäîñòè â ïîïåðå÷íîì ñå÷åíèè 
òîïëèâîïðîâîäîâ âûñîêîãî äàâëåíèÿ íà ðàäèóñå 

R2 ìì (à) è R3,5 ìì (á) (ñðåäíèå çíà÷åíèÿ)

Òàê êàê òâåðäîñòü èçìåðÿëè â íåñêîëüêèõ 
ñå÷åíèÿõ, áûëè ïîëó÷åíû ìàññèâû çíà÷åíèé, 
èëëþñòðèðóþùèå íåîäíîðîäíîñòü ñâîéñòâ ìà-
òåðèàëà òîïëèâîïðîâîäà êàê âäîëü åãî îñè, òàê 
è â îêðóæíîì íàïðàâëåíèè. Ðåçóëüòàòû êîëè-
÷åñòâåííîé îöåíêè ðàññåÿíèÿ çíà÷åíèé òâåðäî-
ñòè ïðèâåäåíû â òàáë. 2 è 3.

Îáñóæäåíèå ðåçóëüòàòîâ
Â èñõîäíîì ñîñòîÿíèè òîïëèâîïðîâîäû õà-

ðàêòåðèçóþòñÿ íåêîòîðîé àíèçîòðîïèåé ïðî÷-
íîñòíûõ õàðàêòåðèñòèê, ïîñêîëüêó òâåðäîñòü, 
áåçóñëîâíî, îòíîñèòñÿ èìåííî ê ïðî÷íîñòíûì 
õàðàêòåðèñòèêàì ìàòåðèàëà. Ïðè ýòîì íàáëþ-
äàåòñÿ ðàññåÿíèå çíà÷åíèé òâåðäîñòè êàê âäîëü 
îñè òîïëèâîïðîâîäà, òàê è â îêðóæíîì íàïðàâ-
ëåíèè.
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Ïðè ðàáîòå äâèãàòåëÿ òîïëèâîïðîâîäû 
âûñîêîãî äàâëåíèÿ íàãðóæåíû ïóëüñèðóþ-
ùèì âíóòðåííèì ãèäðàâëè÷åñêèì äàâëåíèåì. 
Êàê ïîêàçûâàþò ïîëó÷åííûå ðåçóëüòàòû, ÷åì 
áëèæå ê öåíòðàëüíîìó êàíàëó òîïëèâîïðîâî-
äà ðàñïîëîæåíû ñëîè ìàòåðèàëà, òåì â áîëü-
øåé ñòåïåíè ïðîèñõîäèò âûðàâíèâàíèå â íèõ 
òâåðäîñòè è, êàê ìîæíî ïðåäïîëîæèòü, äðóãèõ 
ïðî÷íîñòíûõ õàðàêòåðèñòèê.

Åñëè îöåíèâàòü ðàññåÿíèå ïî òàêîìó ðàñïðî-
ñòðàíåííîìó ñòàòèñòè÷åñêîìó ïîêàçàòåëþ, êàê 
ñòàíäàðòíîå îòêëîíåíèå ñëó÷àéíîé âåëè÷èíû, 
òî âèäíî, ÷òî äëÿ ñëîÿ, ðàñïîëîæåííîãî íà ðà-
äèóñå R2 ìì, ýòà âåëè÷èíà óìåíüøèëàñü ïîñëå 
íàðàáîòêè â îêðóæíîì íàïðàâëåíèè ïî÷òè â 
2,5 ðàçà è ïî÷òè â 2 ðàçà â ñðåäíåì ïî ñå÷åíè-
ÿì. Ýòîò ðåçóëüòàò íà êà÷åñòâåííîì óðîâíå íå 
ïðîòèâîðå÷èò èçâåñòíûì ìåòîäàì óìåíüøåíèÿ 
îñòàòî÷íûõ íàïðÿæåíèé, îïèñàííûõ â ëèòåðà-
òóðå, â ÷àñòíîñòè, â ðàáîòàõ [7, 10]. 

Â ñëîå, ðàñïîëîæåííîì íà ðàäèóñå R3,5 ìì, 
òàêæå ïðîèñõîäèò óâåëè÷åíèå íåîäíîðîäíî-
ñòè ìàòåðèàëà. Âåëè÷èíà ñòàíäàðòíîãî îò-
êëîíåíèÿ çíà÷åíèé òâåðäîñòè, çàìåðåííûõ 
ïîñëå íàãðóæåíèÿ òîïëèâîïðîâîäà íà ñòåíäå, 
ñíèæàåòñÿ â ìåíüøåé ñòåïåíè, ÷åì íà ðàäèóñå 
R2 ìì. Ïðè ýòîì ñòåïåíü ðàññåÿíèÿ íà ðàäèóñå 
R3,5 ìì âûøå, ÷åì íà ðàäèóñå R2 ìì, êàê äëÿ 
èñõîäíîãî ñîñòîÿíèÿ îáðàçöà, òàê è äëÿ ñîñòî-
ÿíèÿ ïîñëå íàãðóæåíèÿ.

Åñëè èíòåðïðåòèðîâàòü ïîâûøåíèå òâåðäî-
ñòè êàê óïðî÷íåíèå ìàòåðèàëà ìîæíî êîíñòà-
òèðîâàòü íåêîòîðîå óïðî÷íåíèå òîïëèâîïðîâî-
äà â òå÷åíèå ïåðâûõ 500 ÷àñîâ ðàáîòû.

Çàôèêñèðîâàííûå ñëó÷àè ìåíüøèõ çíà÷å-
íèé òâåðäîñòè íà îáðàçöå ïîñëå íàãðóæåíèÿ íà 

ñòåíäå, ÷åì íà èñõîäíîì îáðàçöå, ìîãóò áûòü 
ñâÿçàíû, â òîì ÷èñëå, ñ èñõîäíîé íåîäíîðîäíî-
ñòüþ ìàòåðèàëà îáðàçöîâ. 

Âûâîäû
1. Íàãðóæåíèå òîïëèâîïðîâîäîâ, ñâÿçûâàþ-

ùèõ àêêóìóëÿòîð è ôîðñóíêè òîïëèâíîé ñè-
ñòåìû òèïà Common Rail, ïóëüñèðóþùèì 
ãèäðàâëè÷åñêèì äàâëåíèåì âî âðåìÿ ðàáîòû 
ïðèâîäèò ê ïåðåðàñïðåäåëåíèþ çíà÷åíèé òâåð-
äîñòè â ñòåíêå òîïëèâîïðîâîäîâ. 

2. Íåîäíîðîäíîñòü ïîëÿ çíà÷åíèé òâåðäîñòè 
óìåíüøàåòñÿ ñ óìåíüøåíèåì ðàäèóñà ðàñïîëî-
æåíèÿ ñëîÿ ìàòåðèàëà.

3. Â öåëîì ïðîèñõîäèò ïîâûøåíèå òâåðäî-
ñòè, ÷òî ìîæíî òðàêòîâàòü êàê óïðî÷íåíèå òî-
ïëèâîïðîâîäà ïðè ðàáîòå.

4. Äëÿ ïîëó÷åíèÿ äîïîëíèòåëüíîé èíôîð-
ìàöèè î ñîñòîÿíèè ìàòåðèàëà ïîñëå áîëåå äëè-
òåëüíîé íàðàáîòêè – ñîèçìåðèìîé ñ ðåñóðñ-
íûìè çíà÷åíèÿìè – öåëåñîîáðàçíî ïðîâåñòè 
ñîîòâåòñòâóþùèå èñïûòàíèÿ.
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