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Àííîòàöèÿ. Ðàññìîòðåíî âëèÿíèå õèìè÷åñêîãî ñîñòàâà è ñòðóêòóðíûõ ôàêòîðîâ (ïåðëèò, âêëþ÷åíèÿ ðàçëè÷íî-
ãî ñîñòàâà) íà êîýôôèöèåíò àíèçîòðîïèè óäàðíîé âÿçêîñòè, îïðåäåëÿåìûé îòíîøåíèåì óäàðíîé âÿçêîñòè
âäîëü ïðîêàòà ê óäàðíîé âÿçêîñòè ïîïåðåê ïðîêàòà. Èññëåäîâàíà ñâÿçü çíà÷åíèé ýòîãî êîýôôèöèåíòà ñ ïîÿâëå-
íèåì íà çàâèñèìîñòè óäàðíîé âÿçêîñòè ïîïåðåê ïðîêàòà äîëè âÿçêîé ñîñòàâëÿþùåé â èçëîìå, ïåðåëîìà, óêàçû-
âàþùåãî íà äåéñòâèå ïåðâîé ñòàäèè íèçêîýíåðãåòè÷åñêîãî ìåõàíèçìà ðàçðóøåíèÿ ñäâèãîì â îêðåñòíîñòè íàä-
ðåçà. Ïîäðîáíî ðàññìîòðåíû îñîáåííîñòè çàðîæäåíèÿ ìèêðîòðåùèí â çîíå âëèÿíèÿ ñâàðíîãî ñîåäèíåíèÿ. Ñ èñ-
ïîëüçîâàíèåì êðèòåðèåâ êðèòè÷åñêîé òåìïåðàòóðû õðóïêîñòè ïðèâåäåíû ðåçóëüòàòû èññëåäîâàíèÿ âëèÿíèÿ
êîýôôèöèåíòà àíèçîòðîïèè óäàðíîé âÿçêîñòè íà ñòåïåíü îõðóï÷èâàíèÿ ïîïåðå÷íûõ îáðàçöîâ îòíîñèòåëüíî
ïðîäîëüíûõ. Óêàçàíû ñòðóêòóðíûå ôàêòîðû, îïðåäåëÿþùèå ñòåïåíü îõðóï÷èâàíèÿ êîíñòðóêöèîííûõ ñòàëåé ïî-
ñëå êîíòðîëèðóåìîé ïðîêàòêè è òåðìîìåõàíè÷åñêîé îáðàáîòêè. Ïðåäëîæåíà êëàññèôèêàöèÿ êîíñòðóêöèîííûõ
ñòàëåé ïî óðîâíþ èçîòðîïíîñòè èõ óäàðíîé âÿçêîñòè, îáåñïå÷èâàþùàÿ óñëîâèÿ äëÿ ïîâûøåíèÿ ìåõàíè÷åñêîé
áåçîïàñíîñòè ñâàðíûõ êîíñòðóêöèé.
Êëþ÷åâûå ñëîâà: ëèñòîâîé ïðîêàò, êîýôôèöèåíò àíèçîòðîïèè óäàðíîé âÿçêîñòè, êðèòè÷åñêàÿ òåìïåðàòóðà
õðóïêîñòè, íåìåòàëëè÷åñêèå âêëþ÷åíèÿ, ôåððèòíî-ïåðëèòíûå ñòàëè, âûñîêîïðî÷íûå ñòàëè, ñòðóêòóðà.

ON THE NEED TO TAKE INTO ACCOUNT THE ANISOTROPY OF IMPACT TOUGHNESS
IN ENGINEERING PRACTICE
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Abstract. The article deals with the influence of the chemical composition and structural factors (pearlite, inclusions of
various compositions) on the anisotropy coefficient of the impact toughness, determined by the ratio of the impact
toughness along the rolled product to the impact toughness across the rolled products. The relationship of values of this
coefficient with the appearance of the fraction of the viscous component the on the dependence of impact strength
across the rolled product in the fracture, fracture, indicating the action of the first stage of low-energy mechanism of
destruction of a shift in the area of the incision was investigated. The features of microcrack formation in the zone of
influence of the welded joint are considered in detail. Using the criteria of the critical brittleness temperature, the
results of the influence of the impact anisotropy coefficient on the degree of embrittlement of transverse samples relative
to longitudinal ones are presented. Structural factors that determine the degree of embrittlement of structural steels after
controlled rolling and thermomechanical processing are indicated. A classification of structural steels according to the
level of isotropy of their impact strength is proposed, which provides conditions for improving the mechanical safety of
welded structures.
Key words: sheet products, impact toughness anisotropy coefficient, critical brittleness temperature, non-metallic
inclusions, ferrite-pearlite steels, high-strength steels, structure.
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Ââåäåíèå

Ïðèìåíåíèå òåõíîëîãèè êîíò-
ðîëèðóåìîé ïðîêàòêè ñ óñêîðåí-
íûì îõëàæäåíèåì, à çàòåì è òåð-
ìîìåõàíè÷åñêîé îáðàáîòêè
(ÒÌÎ) ïîçâîëèëî ðåçêî ïîâûñèòü
óðîâåíü ïðî÷íîñòè, õëàäîñòîéêî-
ñòè, âÿçêîñòè è òðåùèíîñòîéêî-
ñòè ñòàëåé [1–6]. Â ñâÿçè ñ íàêî-
ïëåíèåì îïûòà ïðèìåíåíèÿ âû-
ñîêîïðî÷íûõ ñòàëåé âîçíèêëà
íåîáõîäèìîñòü âûÿñíåíèÿ ïðè-

ðîäû ïîÿâëåíèÿ ðàññëîåíèé
(ðàñùåïëåíèé) è èõ ðîëè â îïðå-
äåëåíèè óðîâíÿ óäàðíîé âÿçêî-
ñòè è âÿçêîõðóïêîãî ïåðåõîäà
[7–11]. Ðåçóëüòàòû ïðîâåäåííûõ
èññëåäîâàíèé âûÿâèëè ñëîæíóþ
êàðòèíó îáðàçîâàíèÿ äåôåêòîâ â
ñëó÷àå ðàçâèòèÿ ðàññëîåíèé,
ïðèâîäÿùèõ ê ñëîèñòûì ðàçðó-
øåíèÿì [8, 9]. Àâòîðû ðàáîòû [8]
ïðèøëè ê âûâîäó, ÷òî ïðè õðóï-
êîì ñëîèñòîì ðàçðóøåíèè ñëåäó-

åò èçáåãàòü ïðèìåíåíèÿ êîíñò-
ðóêöèé ñ æåñòêèìè ñâàðíûìè ñî-
åäèíåíèÿìè. Ïî ìíåíèþ äðóãèõ
èññëåäîâàòåëåé [3, 10, 11], îáðà-
çîâàíèå ðàññëîåíèé ñïîñîáñòâó-
åò ïîâûøåíèþ âÿçêîñòè ñòàëåé,
ñäâèãàÿ âÿçêîõðóïêèé ïåðåõîä â
îáëàñòü áîëåå íèçêèõ òåìïåðà-
òóð. Îäíàêî äî ñèõ ïîð íå ïðîâî-
äèëèñü ñèñòåìàòè÷åñêèå èññëå-
äîâàíèÿ ïî âêëàäó ñòðóêòóðíûõ
ôàêòîðîâ è íàïðàâëåíèþ âûðåç-
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êè îáðàçöîâ îòíîñèòåëüíî íà-
ïðàâëåíèÿ ïðîêàòêè â çàðîæäå-
íèå ðàññëîåíèé ïðè èñïûòàíèè
íà óäàðíóþ âÿçêîñòü è ñòàòè÷åñ-
êóþ âÿçêîñòü ðàçðóøåíèÿ.

Ýêñïåðèìåíòàëüíî óñòàíîâ-
ëåííûé ôàêò çàìåòíîãî ðàçëè÷èÿ
óäàðíîé âÿçêîñòè äëÿ ïðîäîëü-
íûõ è ïîïåðå÷íûõ îáðàçöîâ îò-
ìå÷àëè íåîäíîêðàòíî. Íî ýòîò
ôàêò, êàê ïðàâèëî, íå íàõîäèë
îáúÿñíåíèÿ è òåì áîëåå íå äåëà-
ëèñü ïîïûòêè ïîíÿòü, ÷òî ýòî
ìîãëî áû äàòü äëÿ èíæåíåðíîé
ïðàêòèêè.

Â ðàáîòå [12] ñ èñïîëüçîâàíè-
åì êîððåëÿöèîííîãî àíàëèçà óñ-
òàíîâëåíî, ÷òî â òîëñòîëèñòîâîé
ñòàëè 30Í4ÌÄÔÀ òîëùèíîé 85
ìì (19 ïëàâîê) ïðè âàðèàöèè ñî-
äåðæàíèÿ ôîñôîðà â äèàïàçîíå
0,006–0,02 ìàñ. % âûÿâëåíà
ñâÿçü êîýôôèöèåíòà àíèçîòðî-
ïèè óäàðíîé âÿçêîñòè KCU ñ ñî-
äåðæàíèåì êèñëîðîäà è ñåðû.
Êîýôôèöèåíò àíèçîòðîïèè óäàð-
íîé âÿçêîñòè îïðåäåëÿëè êàê îò-
íîøåíèå óäàðíîé âÿçêîñòè KCU
âäîëü ïðîêàòà ê óäàðíîé âÿçêî-
ñòè â Z-íàïðàâëåíèè (ïî òîëùèíå
ïðîêàòà).

Îáñòîÿòåëüíûå èññëåäîâàíèÿ
ïî èçó÷åíèþ ýôôåêòà àíèçîòðî-
ïèè óäàðíîé âÿçêîñòè â ëèñòîâîé
ñòàëè ïðåäñòàâëåíû â ðàáîòå
[13]. Ñòàëè ñ ôåððèòíî-ïåðëèò-
íîé ñòðóêòóðîé ñóùåñòâåííî ðàç-
ëè÷àëèñü ïî ñîäåðæàíèþ ñåðû
(0,002–0,05 ìàñ. %), óãëåðîäà
(0,08–0,2 ìàñ. %) è òâåðäîñòè
(110–268 ÍV10). Â êà÷åñòâå ìå-
ðû àíèçîòðîïèè óäàðíîé âÿçêî-
ñòè ñòàëè èñïîëüçîâàëè êîýôôè-
öèåíò àíèçîòðîïèè óäàðíîé âÿç-
êîñòè Ka . Ñîãëàñíî [13, 14] äëÿ
èññëåäîâàííûõ ëèñòîâûõ ñòàëåé,
ïðèìåíÿåìûõ â ñòðîèòåëüñòâå è
íà òðóáîïðîâîäíîì òðàíñïîðòå,
çíà÷åíèå Ka âàðüèðóåòñÿ â äèà-
ïàçîíå 1–3,9. Ïðè ýòîì áûëî óñ-
òàíîâëåíî, ÷òî îíî âîçðàñòàåò ñ
óâåëè÷åíèåì â ñòàëè ñîäåðæàíèÿ
ñåðû, âñëåäñòâèå îáðàçîâàíèÿ
âêëþ÷åíèé ñóëüôèäîâ, è óãëåðî-
äà èç-çà îáðàçîâàíèÿ êîëîíèé

ïåðëèòà. Ïðè ýòîì Ka íå çàâèñèò
îò ðàçìåðà çåðíà ôåððèòà è
òâåðäîñòè ñòàëè.

Öåëü ðàáîòû – îáîáùåíèå íà-
êîïëåííûõ äàííûõ î âëèÿíèè
ñòðóêòóðíûõ ôàêòîðîâ íà ðàçâè-
òèå àíèçîòðîïèè óäàðíîé âÿçêî-
ñòè è íà ìåõàíè÷åñêèå õàðàêòå-
ðèñòèêè ñòàëåé, à òàêæå ðàçðà-
áîòêà ïðåäëîæåíèé ïî ìèíèìè-
çàöèè âëèÿíèÿ àíîìàëüíî âûñî-
êèõ çíà÷åíèé êîýôôèöèåíòà àíè-
çîòðîïèè íà ìåõàíè÷åñêóþ áåçî-
ïàñíîñòü ñâàðíûõ êîíñòðóêöèé.

Ìàòåðèàëû è ìåòîäèêà
ýêñïåðèìåíòîâ

Õèìè÷åñêèé ñîñòàâ èññëåäî-
âàííûõ ôåððèòíî-ïåðëèòíûõ ñòà-
ëåé ïðèâåäåí â òàáë. 1. Èñïûòà-
íèå íà ðàñòÿæåíèå (�� = 3,5·10-4

ñ-1) âûïîëíÿëè íà ðàçðûâíîé ìà-
øèíå ÖÄÌ-5, à íà óäàðíûé èçãèá
– íà ìàÿòíèêîâîì êîïðå
PSWO-30. Õàðàêòåðèñòèêè ñî-
ïðîòèâëåíèÿ õðóïêîìó ðàçðóøå-
íèþ óñòàíàâëèâàëè íà ïðîäîëü-
íûõ è ïîïåðå÷íûõ îáðàçöàõ òèïà
Øàðïè (òèï 11 ïî ÃÎÑÒ 9454).
Èñïûòàíèÿ óäàðíûõ îáðàçöîâ
ïðîâîäèëè â äèàïàçîíå òåìïåðà-
òóð +20…–90 °Ñ.

Êîýôôèöèåíò àíèçîòðîïèè
óäàðíîé âÿçêîñòè Ka îïðåäåëÿëè
ïî ôîðìóëå Ka = KCV KCVïð ï,
ãäå KCVïð è KCVï – óäàðíàÿ âÿç-
êîñòü íà ïðîäîëüíûõ è ïîïåðå÷-
íûõ îáðàçöàõ ñîîòâåòñòâåííî ïðè
îäèíàêîâîé òåìïåðàòóðå èñïûòà-
íèÿ. Èñïîëüçîâàëè â ñðåäíåì 4–6
«øàãîâ» èñïûòàíèÿ çíà÷åíèé Ka ;
èõ ðàññ÷èòûâàëè êàê ñðåäíåå ïî
âñåì øàãàì èñïûòàíèÿ.

Èññëåäîâàíèå ñòðóêòóðû îñó-
ùåñòâëÿëè íà îïòè÷åñêîì ìèêðî-
ñêîïå Íåîôîò-32 ïðè óâåëè÷åíèè
îò 100 äî 500 ðàç. Òðàâëåíèå
ïðîäîëüíûõ è ïîïåðå÷íûõ øëè-
ôîâ ïðîèçâîäèëè 3 %-íûì ðàñ-
òâîðîì àçîòíîé êèñëîòû â ýòèëî-
âîì ñïèðòå. Ðàçìåð çåðíà ôåð-
ðèòà îöåíèâàëè â ñîîòâåòñòâèè ñ
ÃÎÑÒ 5639–82 «Ñòàëè è ñïëàâû.
Ìåòîäû âûÿâëåíèÿ è îïðåäåëå-
íèÿ âåëè÷èíû çåðíà», à ñòåïåíü

ïîëîñ÷àòîñòè ôåððèòíî-ïåðëèò-
íîé ñòðóêòóðû – ïî ÃÎÑÒ
5640–68 «Ñòàëü. Ìåòàëëîãðàôè-
÷åñêèé ìåòîä îöåíêè ìèêðîñòðó-
êòóðû ëèñòîâ è ëåíòû». Ýëåêò-
ðîííî-ôðàêòîãðàôè÷åñêèå èñ-
ñëåäîâàíèÿ è àíàëèç õèìè÷åñêî-
ãî ñîñòàâà íåìåòàëëè÷åñêèõ
âêëþ÷åíèé âûïîëíÿëè íà ñêàíè-
ðóþùåì ýëåêòðîííîì ìèêðîñêî-
ïå Hitachi S-500 ñ ïðèñòàâêîé ìè-
êðîàíàëèçàòîðîì X-act.

Ðåçóëüòàòû ýêñïåðèìåíòîâ
è èõ îáñóæäåíèå

Íà ðèñ. 1 ñ ïîìîùüþ òàáóëè-
ðîâàííûõ äàííûõ ðàáîòû [13]
ïðåäñòàâëåíà ñâÿçü çíà÷åíèÿ Ka

ñ ñîâìåñòíûì ñîäåðæàíèåì óãëå-
ðîäà [mC] è ñåðû [mS], ìàñ. %.
Ýòà ñâÿçü óäîâëåòâîðèòåëüíî
îïèñûâàåòñÿ óðàâíåíèåì ðåãðåñ-
ñèè Ka = –1 + 2,08 [mC + mS].
Ñëåäóåò îòìåòèòü, ÷òî ýêñïåðè-
ìåíòàëüíûå äàííûå, ïðåäñòàâ-
ëåííûå â ðàáîòå [13], áûëè ïîëó-
÷åíû ïðè èññëåäîâàíèè õàðàêòå-
ðèñòèê ñòàëåé ñ öåëüþ ïðîâåðêè
èõ êà÷åñòâà è ñîîòâåòñòâèÿ íîð-
ìàòèâíûì òðåáîâàíèÿì çà ïåðè-
îä 2010–2013 ãã. Äëÿ ñðàâíåíèÿ
ðàññìîòðèì ìåõàíè÷åñêèå ñâîé-
ñòâà ñòàëåé, èñïûòàííûõ çà ïåðè-
îä 2015–2020 ãã.

Õèìè÷åñêèé ñîñòàâ èññëåäî-

Ðèñ. 1. Âëèÿíèå ñîâìåñòíîãî
ñîäåðæàíèÿ óãëåðîäà [mC] è ñåðû
[mS], ìàñ. %, íà çíà÷åíèå Ka
â ôåððèòíî-ïåðëèòíîé ñòàëè [21]



10/2020 ÏPÎÌÛØËÅÍÍÎÅ È ÃPÀÆÄÀÍCÊÎÅ CÒPÎÈÒÅËÜCÒÂÎ 41

ÑÒÐÎÈÒÅËÜÍÛÅ ÌÀÒÅÐÈÀËÛ È ÈÇÄÅËÈß
1
.
Õ
è
ì
è
÷
å
ñ
ê
è
é

ñ
î
ñ
ò

à
â

è
ñ
ñ
ë
å
ä
î
â
à
í
í
û
õ

ô
å
ð
ð
è
ò

í
î
-ï

å
ð
ë
è
ò

í
û
õ

ñ
ò

à
ë
å
é
,
ì
à
ñ
.
%

Ì
à
ð
ê
à

ñ
ò
à
ë
è

(ó
ñ
ë
î
â
í
à
ÿ

ï
ë
à
â
ê
à

è
ë
è

ï
à
ð
ò
è
ÿ
)

C
S

i
M

n
C
r

N
i

C
u

S
P

A
l

T
i

W
M

o
B

V
N

b
C
a

1
4
Õ
Ã
Í
Ä
Ö

ï
ë
.
1
*

0
,1

1
9

0
,4

5
1
,0

2
0
,6

0
0
,5

6
0
,4

0
0
,0

0
1

0
,0

0
9

0
,0

2
6

0
,0

1
9

–
–

0
,0

0
0

0
,0

0
0

–
–

ï
ë
.
2

0
,0

7
4

0
,4

3
0
,4

5
0
,7

8
0
,1

7
0
,3

1
0
,0

0
0
3

0
,1

0
0
,0

4
0
,0

0
5

–
–

0
,0

0
1

0
,0

0
6

–
–

ï
ë
.
3

0
,0

8
0
,4

4
0
,4

6
0
,7

5
0
,1

7
0
,3

0
0
,0

0
3
5

0
,0

9
0
,0

4
4

0
,0

0
5

–
–

0
,0

0
2

0
,0

0
6

–
–

ï
ë
.
4

0
,0

6
2

0
,4

3
0
,4

6
0
,7

5
0
,1

8
0
,3

1
0
,0

0
0
0

0
,0

9
0
,0

3
7

0
,0

0
5

–
–

0
,0

0
0

0
,0

0
5

–
–

1
0
Ã
2
Ñ
Ô

Á
0
,1

3
0
,4

4
1
,5

2
0
,0

3
8

0
,0

6
0
,0

4
0
,0

0
7

0
,0

1
6

–
0
,0

0
5

–
–

–
0
,0

7
0

0
,0

3
3

–

1
2
Ã
2
Á

(ï
ë
.1

)
0
,1

2
0
,3

5
1
,4

8
0
,0

3
0
,0

3
0
,0

1
7

0
,0

0
8

0
,0

1
8

–
0
,0

0
3

–
–

–
0
,0

0
6

0
,0

2
8

–

(ï
ë
.
2
)

0
,1

2
0
,0

3
5

1
,5

0
0
,0

3
0
,0

3
0
,0

1
8

0
,1

0
0
,0

1
9

–
0
,0

0
3

–
–

–
0
,0

0
6

0
,0

3
0

–

1
2
Ã
Ñ
Á

(ï
à
ð
ò.

1
)

0
,1

4
0
,3

2
1
,4

0
0
,0

3
0
,0

2
0
,0

2
0
,0

0
5

0
,0

1
4

0
,0

3
0

0
,0

0
6

–
–

–
0
,0

0
5

0
,0

3
3

<
0
,0

0
1

(ï
à
ð
ò.

1
0
)

0
,1

4
0
,3

0
1
,3

8
0
,0

3
0
,0

2
0
,0

2
0
,0

0
8

0
,0

1
3

0
,0

4
0

0
,0

0
7

–
–

–
0
,0

0
5

0
,0

2
6

0
,0

0
1

(ï
à
ð
ò.

7
)

0
,1

3
0
,3

0
1
,3

5
0
,0

9
0
,0

3
0
,0

4
0
,0

0
7

0
,0

1
7

0
,0

4
0
,0

0
7

–
–

–
0
,0

0
5

0
,0

3
0

0
,0

0
4

(ï
à
ð
ò.

8
)

0
,1

5
0
,2

8
1
,3

3
0
,0

4
0
,0

4
0
,0

4
0
,0

1
0

0
,1

8
0
,0

4
4

0
,0

0
7

–
–

–
0
,0

0
5

0
,0

2
8

0
,0

0
1
5

1
7
Ã
Ñ

0
,1

9
5

0
,4

6
1
,4

0
0
,0

5
0
,0

5
0
,0

9
0
,0

2
0

0
,0

3
5

0
,0

0
1

–
–

–
–

–
–

–

0
9
Ã
2
Ñ

0
,1

0
0
,5

5
1
,5

5
0
,0

5
5

0
,1

8
5

0
,0

8
5

0
,0

0
3

0
,0

1
2

0
,0

3
1

0
,0

0
4

–
0
,0

0
6

–
0
,0

0
3

0
,0

1
–

S
e
v
e
rd

o
m

4
2
0

0
,1

0
0
,0

4
1

1
,4

1
0
,0

2
0
,0

3
0
,0

2
0
,0

0
6

0
,0

1
1

0
,0

3
4

0
,0

0
2

0
,0

4
3

0
,0

1
6

–
–

0
,0

3
9

–

Ñ
3
7
5
-3

0
,1

7
0
,3

3
1
,4

7
0
,0

3
0
,0

2
0
,0

4
0
,0

0
4

0
,0

0
9

0
,0

2
1

–
–

–
–

–
0
,0

2
–

0
9
Ã
2
Ô

Á
ï
ë
.
1

0
,1

1
0
,1

2
1
,6

4
0
,0

3
0
,0

5
0
,0

5
0
,0

0
3

0
,0

1
5

0
,0

3
9

0
,0

2
1

–
0
,0

0
7

–
0
,0

6
7

0
,0

2
6

–

ï
ë
.
2

0
,1

0
0
,2

2
1
,6

5
0
,0

3
0
,0

5
0
,0

5
0
,0

0
3

0
,0

1
5

0
,0

3
8

0
,0

1
9

–
0
,0

0
7

–
0
,0

6
7

0
,0

2
7

–

1
7
Ã
1
Ñ
Ó

ï
ë
.1

0
,1

7
0
,3

8
1
,4

3
0
,0

3
0
,0

3
0
,0

3
0
,0

1
7

0
,0

1
5

0
,0

3
2

0
,0

0
3

–
0
,0

0
7

–
0
,0

2
8

0
,0

3
4

–

1
7
Ã
1
Ñ

ï
ë
.
5

0
,1

6
0
,3

4
0
,9

4
0
,1

6
0
,4

1
0
,0

7
0
,0

2
4

0
,0

2
3

0
,0

0
5

0
,0

1
6

–
0
,0

0
5

–
0
,0

0
4

0
,0

3
0

–

1
7
Ã
Ñ

ï
ë
.
1

0
,1

6
0
,3

8
1
,0

8
0
,1

5
0
,4

3
0
,0

7
0
,0

2
6

0
,0

2
2

0
,0

0
9

0
,0

1
9

–
0
,0

0
4

–
0
,0

0
4

<
0
,0

0
1

–

1
7
Ã
1
Ñ

ï
ë
.
7

0
,1

8
0
,3

3
1
,4

5
0
,0

2
0
,0

2
0
,0

3
0
,0

1
4

0
,0

2
0

0
,0

7
3

0
,0

0
3

–
0
,0

0
4

–
0
,0

5
6

0
,0

3
0

–

1
7
Ã
1
Ñ

ï
ë
.
8

0
,1

7
0
,3

3
1
,4

6
0
,0

2
0
,0

2
0
,0

3
0
,0

1
5

0
,0

2
0

0
,0

7
3

0
,0

0
3

–
0
,0

0
4

–
0
,0

5
6

0
,0

3
3

–

Ï
ð

è
ì

å
÷

à
í

è
ÿ
.
1
.
Ï
ð
è
í
ÿ
òû

å
ñî

ê
ð
à
ù

å
í
è
ÿ
:
ï
ë
.
–

ï
ë
à
âê

à
;
ï
à
ð
ò.

–
ï
à
ð
òè

ÿ
.

2
.
Ç
âå

çä
î
÷ê

à
î
çí

à
÷à

å
ò,

÷ò
î

â
ýò

î
é

ï
ë
à
âê

å
ñî

ä
å
ð
æ

è
òñ

ÿ
0
,0

0
5

ì
à
ñ.

%
A

s.



42 ÏPÎÌÛØËÅÍÍÎÅ È ÃPÀÆÄÀÍCÊÎÅ CÒPÎÈÒÅËÜCÒÂÎ 10/2020

âàííûõ ñòàëåé ïðèâåäåí â òàáë.
1. Â íåé ïðåäñòàâëåíû ñòàëè,
ïðèìåíÿåìûå â ñòðîèòåëüñòâå è
íà òðóáîïðîâîäíîì òðàíñïîðòå.
Êàê âèäíî èç òàáë. 1, ñòàëè ñî-
äåðæàëè 0,062–0,195 ìàñ. % Ñ,
0,45–1,65 ìàñ. % Mn, 0–0,019
ìàñ. % Ti, 0–0,039 ìàñ. % Nb,
0–0,067 ìàñ. % V. Èññëåäóåìûå
ñòàëè õàðàêòåðèçîâàëèñü âûñî-
êîé ÷èñòîòîé ïî ñîäåðæàíèþ ñå-
ðû è ôîñôîðà. Èç 22 êîìïîçè-
öèé 13 èìåëè ñîäåðæàíèÿ ñåðû
0,001–0,016 ìàñ. %, ïÿòü êîìïî-
çèöèé – äî 0,025 ìàñ. % S. Ñî-
äåðæàíèå ôîñôîðà âàðüèðîâà-
ëîñü â äèàïàçîíå 0,009–0,035
ìàñ. %.

Íà ðèñ. 2 ïîêàçàíà ñâÿçü çíà-
÷åíèéKa ñ ñîâìåñòíûì ñîäåðæà-
íèåì â ôåððèòíî-ïåðëèòíîé ñòà-
ëè óãëåðîäà è ñåðû [mC + mS].
Âèäíî, ÷òî ïî ñðàâíåíèþ ñ ðèñ. 1
íàáëþäàåòñÿ ìåíüøàÿ ñòåïåíü
ðàññåÿíèÿ ýêñïåðèìåíòàëüíûõ
çíà÷åíèé Ka îòíîñèòåëüíî ïðÿ-
ìîé ëèíèè ðåãðåññèè: Ka =
–0,75 + 1,7[mC + mS] ìàñ. %.
Íàêëîí ïðÿìûõ çàâèñèìîñòè
K f m ma C S� �( ) äëÿ îáåèõ âû-
áîðîê ïðàêòè÷åñêè ñîâïàäàåò.
Ñëåäóåò îòìåòèòü, ÷òî äîëÿ çíà-
÷åíèé Ka > 2 íà ðèñ. 1 çàìåòíî
ïðåâûøàåò äîëþ Ka > 2 íà ðèñ.
2. Ñîãëàñíî ðåçóëüòàòàì êîððå-
ëÿöèîííîãî àíàëèçà êîýôôèöè-

åíò ëèíåéíîé êîððåëÿöèè ïàðû
Ka-[mC] äîñòèãàåò R = 0,68 (R2 =
46,24 %), òîãäà êàê äëÿ ïàðû
Ka-[mS] – R = 0,167 (R2 = 2,79
%). Âåðîÿòíî, ýòî ñâÿçàíî, êàê
ãîâîðèëîñü ðàíåå, ñ áîëåå âûñî-
êîé ÷èñòîòîé ñòàëè ïî ñîäåðæà-
íèþ ñåðû â ôåððèòíî-ïåðëèòíîé
ñòàëè (ñì. òàáë.1).

Êàê ïîêàçàíî â ðàáîòàõ
[13–16], âûñîêîïðî÷íûå ñòàëè
ñî ñòðóêòóðîé ôåððèò+áåéíèò,
ïðîèçâåäåííûå ïî òåõíîëîãèè
ÒÌÎ â ÅÑ è Ðîññèè, îáíàðóæèâà-
þò ñêëîííîñòü ê ñóùåñòâåííîìó
ïîâûøåíèþ Ka . Ñîãëàñíî [13,
17] â âûñîêîïðî÷íûõ ñòàëÿõ,
ìèêðîëåãèðîâàííûõ ñèñòåìîé
Ti + Nb + V ïðè íàëè÷èè â ìåòàë-
ëå 0,08 ìàñ. % Ti è áîëåå, ðåçêî
âîçðàñòàåò âåðîÿòíîñòü ïîâûøå-
íèÿ çíà÷åíèé Ka . Íà ðèñ. 3 ïîêà-
çàíî âëèÿíèå ñîâìåñòíîãî ñî-
äåðæàíèÿ [mTi + mAl] íà çíà÷å-
íèå Ka . Âèäíî, ÷òî èç 34 êîìïî-
çèöèé âûñîêîïðî÷íûõ ñòàëåé 17,
ò. å. 50 %, èìåþò çíà÷åíèÿ
Ka � 2. Íåêîòîðûå êîìïîçèöèè
äîñòèãàþò çíà÷åíèÿ Ka = 8,7.
Ýòî îçíà÷àåò, ê ïðèìåðó, äëÿ
ïðîäîëüíûõ óäàðíûõ îáðàçöîâ
ïðè ÊÑVïð = 50 Äæ/ñì2, ÷òî ïðå-
âûøàåò íîðìàòèâíîå çíà÷åíèå
ÊÑV = 34 Äæ/ñì2, ïîëó÷åíèå
(ïðè Ka = 8,7) äëÿ ïîïåðå÷íûõ
îáðàçöîâ ÊÑVï = 5,8 Äæ/ñì2.
Ïîñëåäíåå ñîîòâåòñòâóåò ïîëíî-
ñòüþ õðóïêîìó ðàçðóøåíèþ, êîã-
äà èçëîì îáðàçöà öåëèêîì êðè-
ñòàëëè÷åñêèé. Ïî äàííûì êîððå-
ëÿöèîííîãî àíàëèçà, äëÿ ñâÿçè
Ka-[mTi + mAl] ëèíåéíûé êîýô-
ôèöèåíò êîððåëÿöèè R ðàâíÿåò-
ñÿ 0,128. Ñòîëü íèçêèå çíà÷åíèÿ
Ka îáóñëîâëåíû ïðèñóòñòâèåì â
âûáîðå àíîìàëüíî âûñîêèõ çíà-
÷åíèé Ka . Îíè äîñòèãàþò Ka =
4,9 è äàæå 8,7. Çíà÷åíèå Ka =
12,2 íå ïðåäñòàâëåíî â âûáîðêå
ïî ïðè÷èíå ïîÿâëåíèÿ â ñòàëè
Strenx 650 ÌÑ ìèêðîðàññëîåíèé
ïðîòÿæåííîñòüþ L = 0,2 ìì.

Ïî äàííûì ìèêðîðåíòãåíî-
ñïåêòðàëüíîãî àíàëèçà [14], òè-
òàí è àëþìèíèé îáðàçóþò ñëîæ-

íûå âêëþ÷åíèÿ, êîãäà ñíà÷àëà
îáðàçóåòñÿ îêñèä Al2O3, íà êîòî-
ðûé îñàæäàåòñÿ íèòðèä (êàðáî-
íèòðèä) Ti(C,N). Ñëîæíî îáðàçî-
âàííûå êðóïíûå âêëþ÷åíèÿ ïðè
ïðîêàòêå äðîáÿòñÿ, ôîðìèðóÿ
öåïî÷êè âêëþ÷åíèé, âîêðóã êîòî-
ðûõ âîçíèêàþò êðóïíûå ÿìêè, à
çàòåì è ðàññëîåíèÿ.

Ïî÷åìó âûñîêèé êîýôôèöèåíò
àíèçîòðîïèè óäàðíîé âÿçêîñòè
îïàñåí äëÿ ñòàëüíûõ ñâàðíûõ

ìåòàëëîêîíñòðóêöèé

Â íîðìàòèâíî-òåõíè÷åñêèõ äî-
êóìåíòàõ Ðîññèè àíèçîòðîïèÿ
óäâðíîé âÿçêîñòè ïðàêòè÷åñêè íå
ðåãëàìåíòèðóåòñÿ. Â ñòàíäàðòàõ
Åâðîñîþçà ðåãëàìåíòèðóþòñÿ
çíà÷åíèÿ óäàðíîé âÿçêîñòè äëÿ
ïðîäîëüíûõ è ïîïåðå÷íûõ îá-
ðàçöîâ îòäåëüíî, ò. å. êîñâåííî
ðåãëàìåíòèðóåòñÿ ñòåïåíü àíèçî-
òðîïèè óäàðíîé âÿçêîñòè. Ïðè

ÑÒÐÎÈÒÅËÜÍÛÅ ÌÀÒÅÐÈÀËÛ È ÈÇÄÅËÈß

Ðèñ. 2. Ñâÿçü çíà÷åíèé Ka ñ ñîâìå-
ñòíûì ñîäåðæàíèåì â ôåððèòíî-
ïåðëèòíîé ñòàëè óãëåðîäà è ñåðû
[mC+mS], ìàñ. %

Ðèñ. 3. Âëèÿíèå ñîâìåñòíîãî
ñîäåðæàíèÿ òèòàíà è àëþìèíèÿ
[mTi+mAl] íà çíà÷åíèå Ka âûñîêî-
ïðî÷íûõ ñòàëåé, ïðîèçâåäåííûõ
ïî òåõíîëîãèè ÒÌÎ â ÅÑ è Ðîññèè
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ýòîì ðåãëàìåíòàöèÿ çíà÷åíèé
KCV ïðîèçâîäèòñÿ äëÿ êàæäîé
òåìïåðàòóðû èñïûòàíèÿ. Ñîãëàñ-
íî EN 10025-4:2004 [18] äëÿ ñâà-
ðèâàåìîé ìåëêîçåðíèñòîé ñòàëè
ïîñëå òåðìîìåõàíè÷åñêîé îáðà-
áîòêè èñïîëüçóþòñÿ ñåìü øàãîâ
òåìïåðàòóðû èñïûòàíèÿ äëÿ ñòà-
ëè â õëàäîñòîéêîì èñïîëíåíèè è
÷åòûðå øàãà – â îáû÷íîì èñïîë-
íåíèè. Ñðåäíåå îòíîøåíèå ÊÑV
äëÿ ïðîäîëüíûõ îáðàçöîâ ê ÊÑV
ïîïåðå÷íûõ îáðàçöîâ ïî âñåì
øàãàì èñïûòàíèÿ äëÿ ñòàëåé
S275M…S460M äîñòèãàåò Ka =
1,82. Ýòî îòíîøåíèå äëÿ ñòàëåé,
ïîäâåðãíóòûõ ÒÌÎ, ñëåäóåò ïðè-
íÿòü êàê äîïóñòèìîå. Ñîîòâåòñò-
âåííî, çíà÷åíèå Ka = 2 è âûøå
ïðèíèìàåì êàê âûñîêîå [17].
Ñëåäóåò îòìåòèòü, ÷òî äëÿ çàêà-
ëåííî-îòïóùåííûõ ñòàëåé çíà÷å-
íèÿ Ka , ðàññ÷èòàííûå íàìè ïî
äàííûì EN 10025-6:2004 [19],
äîñòèãàþò 2,24 (÷åòûðå øàãà òåì-
ïåðàòóðû èñïûòàíèÿ).

Ïîâûøåíèå êîýôôèöèåíòà
àíèçîòðîïèè óäàðíîé âÿçêîñòè â
ñòàëÿõ ñîîòâåòñòâóåò ðîñòó êðè-
òè÷åñêîé òåìïåðàòóðû õðóïêîñòè
íà ïîïåðå÷íûõ îáðàçöàõ ïî
ýíåðãåòè÷åñêîìó êðèòåðèþ
�T T T34 34 34� �

ïð ï , ãäåT34
ïð èT34

ï –
êðèòè÷åñêàÿ òåìïåðàòóðà õðóï-
êîñòè, óñòàíàâëèâàåìàÿ ïî òåì-
ïåðàòóðå èñïûòàíèÿ, ïðè êîòîðîé
äîñòèãàåòñÿ íîðìàòèâíîå çíà÷å-
íèå ÊÑV, â äàííîì ñëó÷àå 34
Äæ/ñì2 [17]. Àíàëîãè÷íûì îá-
ðàçîì îïðåäåëÿåòñÿ ñòåïåíü îõ-

ðóï÷èâàíèÿ ïî äåôîðìàöèîííî-
ìó êðèòåðèþ (âèäó èçëîìà) è
çíà÷åíèå �T T T50 50 50� �

ïð ï .
ÃÎÑÒ 27772–2015 «Ïðîêàò

äëÿ ñòðîèòåëüíûõ ñòàëüíûõ êîí-
ñòðóêöèé. Îáùèå òåõíè÷åñêèå óñ-
ëîâèÿ» äëÿ ñòàëåé Ñ440, Ñ550 è
Ñ590 ïðè òåìïåðàòóðå èñïûòàíèÿ
–40 è –60 °Ñ ðåãëàìåíòèðóåò
òðåáîâàíèå ÊÑV-40 � 66 è KCV-60

� 66 Äæ/ñì2 äëÿ ðàññìàòðèâàå-
ìûõ ñòàëåé. Äëÿ óêàçàííûõ ñòà-
ëåé ïðè çíà÷åíèè Ka � 2 èìååì
KCV-40 è KCV-60 � 34 Äæ/ñì2.
Èíûìè ñëîâàìè, òðåáîâàíèå ê
ñòàëÿì êëàññîâ ïðî÷íîñòè Ñ440,
Ñ550 è Ñ590 íå âûïîëíÿåòñÿ, íî
îíî ñîîòâåòñòâóåò òðåáîâàíèÿì ê
ñòàëè Ñ390 (ÊÑV-60 � 29 Äæ/ñì2)
èëè ïðèáëèæàåòñÿ ê íèì ïðè
KCV-40 � 34 Äæ/ñì2. Îòñþäà
ñëåäóåò, ÷òî ïðîêàò, ó êîòîðîãî
çíà÷åíèå Ka > 2, ñîäåðæèò ðèñê
ïîâðåæäåíèÿ è äàæå ðàçðóøåíèÿ
ìåòàëëîêîíñòðóêöèé.

Ñîãëàñíî ðåçóëüòàòàì êîððå-
ëÿöèîííî-ðåãðåññèîííîãî àíàëè-
çà äëÿ âûñîêîïðî÷íûõ ñòàëåé, ó
êîòîðûõ Ka � 2, çíà÷åíèå R äëÿ
ñâÿçè �T50 -[mTi + mAl + mC + mS]
äîñòèãàåò R = 0,689 (R2 = 47,47
%) [17]. Çíà÷åíèå R äëÿ ñâÿçè
�T34 -[mTi + mAl + mC + mS] íå-
ñêîëüêî ìåíüøå: R = 0,566 (R2 =
32,04 %). Â èíòåðâàëå çíà÷åíèé
Ka = 2…8,7 âåëè÷èíà îõðóï÷èâà-
íèÿ ïîïåðå÷íûõ îáðàçöîâ êàê ïî
êðèòåðèþ �T50 , òàê è ïî êðèòå-
ðèþ �T34 äîñòèãàåò 50…60 °Ñ.
Ñòîëü ñóùåñòâåííîå îõðóï÷èâà-

íèå ïîïåðå÷íûõ îáðàçöîâ íåäî-
ïóñòèìî â èíæåíåðíîé ïðàêòèêå.

Àíîìàëüíî âûñîêèå çíà÷åíèÿ
Ka ïðåäïîëàãàþò âîçìîæíîñòü
èçìåíåíèÿ ìåõàíèçìà ðàçðóøå-
íèÿ â ïðîöåññå ðàñïðîñòðàíåíèÿ
òðåùèíû, ïî êðàéíåé ìåðå, äëÿ
ïîïåðå÷íûõ îáðàçöîâ. Ïîäðîáíî
ýòî ÿâëåíèå ðàññìîòðåíî â ðàáî-
òå [16]. Íà ðèñ. 4 ïðåäñòàâëåíà
ñâÿçü óäàðíîé âÿçêîñòè ÊÑV ñ
äîëåé âÿçêîé ñîñòàâëÿþùåé â
èçëîìå Â äëÿ âûñîêîïðî÷íîé
ñòàëè Strenx 650 MC (òîëùèíà
ëèñòà 6 ìì). Âèäíî, ÷òî íà ïîïå-
ðå÷íûõ îáðàçöàõ âûÿâëÿåòñÿ ïå-
ðåãèá íà çàâèñèìîñòè ÊÑV-Â.
Âûäåëÿþòñÿ äâà ó÷àñòêà. Ó÷à-
ñòîê I õàðàêòåðèçóåòñÿ àíîìàëü-
íî íèçêîé ýíåðãîåìêîñòüþ ðàç-
ðóøåíèÿ. Ðàáîòà ðàñïðîñòðàíå-
íèÿ òðåùèíû AP , îïðåäåëÿåìàÿ
òàíãåíñîì óãëà íàêëîíà çàâèñè-
ìîñòè ÊÑV-Â, ðàâíà 1,2 Äæ/ñì2.
Ñòîëü íèçêàÿ ðàáîòà ðàñïðî-
ñòðàíåíèÿ òðåùèíû îáóñëîâëå-
íà äåéñòâèåì ñäâèãîâîãî ìåõà-
íèçìà ðàçðóøåíèÿ, êîòîðûé íà-
÷èíàåò ðàçâèâàòüñÿ ó îñíîâàíèÿ
íàäðåçà. Ïðîòÿæåííîñòü ó÷àñòêà
I ñîñòàâëÿåò 2,4 ìì (ñå÷åíèå îá-
ðàçöà â ïëîñêîñòè íàäðåçà ðàâ-
íî 8 ìì).

Ó÷àñòîê II õàðàêòåðèçóåòñÿ
çíà÷åíèåì AP íà äâà ïîðÿäêà
âûøå: AP = 121 Äæ/ñì2 è ñîîò-
âåòñòâóåò ðàáîòå ðàçðóøåíèÿ â
óñëîâèÿõ íîðìàëüíîãî îòðûâà
(ÿìî÷íûé ìåõàíèçì ðàçðóøå-
íèÿ). Òàêèì îáðàçîì, äëÿ èññëå-
äóåìîé âûñîêîïðî÷íîé ñòàëè,
îáëàäàþùåé âûñîêèì Ka = 8,7,
ðàçðóøåíèå ïðîèñõîäèò â äâå
ñòàäèè: ñòàäèÿ ñäâèãà è ñòàäèÿ
íîðìàëüíîãî âÿçêîãî îòðûâà.
Ïðè îãðàíè÷åííîì çàïàñå âÿçêî-
ñòè ñòàëè ðàçðóøåíèå íà ýòàïå II
ìîæåò ðåàëèçîâàòüñÿ ïî õðóïêî-
ìó ìåõàíèçìó: òðàíñêðèñòàëëèò-
íîìó ñêîëó (êàê ïîêàçàíî âûøå).
Ðàíåå [20] íàëè÷èå ïåðåãèáà íà
çàâèñèìîñòè ÊÑV-Â áûëî óñòàíî-
âëåíî íà óäàðíûõ îáðàçöàõ, èç-
ãîòîâëåííûõ èç çîíû òåðìè÷åñ-
êîãî âëèÿíèÿ ñâàðêè ñòàëåé

Ðèñ. 4. Ñâÿçü çíà÷åíèé KCVï (1) è KCVïð (2) ñ äîëåé âÿçêîé ñîñòàâëÿþ-
ùåé â èçëîìå B (à) è KCVïð ñ KCVï (á) äëÿ âûñîêîïðî÷íîé ñòàëè Strenx
650 ÌÑ ïðè òîëùèíå ëèñòà 6 ìì (I – ó÷àñòîê íèçêîýíåðãåòè÷åñêîãî
ðàçðóøåíèÿ ñäâèãîì; II – ó÷àñòîê âûñîêîýíåðãåòè÷åñêîãî ðàçðóøåíèÿ
ïî ìåõàíèçìó íîðìàëüíîãî îòðûâà)
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ÑÒÐÎÈÒÅËÜÍÛÅ ÌÀÒÅÐÈÀËÛ È ÈÇÄÅËÈß

10Ã2ÑÁ è 10Ã2ÑÔÁ, ïîäâåðãíó-
òûõ êîíòðîëèðóåìîé ïðîêàòêå.

Â ðàáîòå [10] ïðè èññëåäîâà-
íèè èçëîìîâ ñòàëè êëàññà ïðî÷íî-
ñòè Ê65 óñòàíîâëåíî, ÷òî íà çàâè-
ñèìîñòè KCV = f L bC( ), ãäå LC

– âÿçêàÿ îäíîðîäíàÿ çîíà èçëî-
ìà, à b – òîëùèíà îáðàçöà â ìåñ-
òå íàäðåçà, íàáëþäàåòñÿ ïåðå-
ëîì. Çàâèñèìîñòü K f L bC C� ( )
ñîñòîèò èç äâóõ ó÷àñòêîâ, ðàñïî-
ëîæåííûõ âûøå è íèæå çíà÷åíèÿ
L bC = 22 % ïðè ÊÑV = 250
Äæ/ñì2. Ïðè ýòîì èíòåíñèâíîñòü
ñíèæåíèÿ ÊÑV, êîãäà L bC < 22
%, ïðèìåðíî â 2 ðàçà áîëüøå,
÷åì íà ó÷àñòêå II.

Àíàëîãè÷íîå ñîâïàäåíèå âû-
ÿâëÿåòñÿ äëÿ õàðàêòåðà ñâÿçè
ÊÑV ñ îòíîøåíèåì L bC äëÿ âû-
ñîêîïðî÷íîé ñòàëè Strenx 650
MC (ñì. ðèñ. 4á). Ñîâïàäàþò äà-
æå òåìïû èçìåíåíèÿ óäàðíîé âÿ-
çêîñòè íà ñðàâíèâàåìûõ ðèñóí-
êàõ. Â îáîèõ ñëó÷àÿõ áîëåå êðó-
òûå ó÷àñòêè ïîâûøåíèÿ óäàðíîé
âÿçêîñòè (ó÷àñòîê II) ñîîòâåòñòâó-
þò âûñîêîýíåðãåòè÷åñêèì çîíàì
ðàçðóøåíèÿ óäàðíûõ îáðàçöîâ.
Ó÷àñòîê I íà ðèñ. 4á óêàçûâàåò íà
ñóùåñòâåííîå óâåëè÷åíèå òåìïà
ðàáîòû ðàçðóøåíèÿ ïðîäîëüíûõ
îáðàçöîâ (ñì. ðèñ. 4à) ïî ñðàâ-
íåíèþ ñ ïîïåðå÷íûìè îáðàçöà-
ìè, ãäå äåéñòâóåò íèçêîýíåðãåòè-
÷åñêèé ìåõàíèçì ðàçðóøåíèÿ,
êàêèì ÿâëÿåòñÿ ñäâèãîâîé ìåõà-
íèçì. Íà ðèñ. 4à ïóíêòèðîì ïî-
êàçàíà ñâÿçü ÊÑVïð-Â äëÿ ïðî-

äîëüíûõ îáðàçöîâ. Ðàçíèöà çíà-
÷åíèé ÊÑVïð è ÊÑVï â çàâèñèìî-
ñòè îò äîëè âÿçêîé ñîñòàâëÿþ-
ùåé â èçëîìå îáðàçöîâ è ôîð-
ìèðóåò õàðàêòåð ñâÿçè ÊÑVïð-
ÊÑVï (ñì. ðèñ. 4á).

Ñîãëàñíî [16], ðàñïîëàãàÿñü â
âèäå öåïî÷êè, êðóïíûå âêëþ÷å-
íèÿ êàðáîíèòðèäîâ íà îñíîâå òè-
òàíà è Al2O3 â âûñîêîïðî÷íûõ
ñòàëÿõ c ñèñòåìîé ëåãèðîâàíèÿ
Ti + Nb + V èíèöèèðóþò êðóïíûå
ÿìêè, ðàçìåð êîòîðûõ â 5 ðàç
ïðåâûøàåò ðàçìåð âêëþ÷åíèé, è
ïðè ñëèÿíèè îáðàçóþò ðàññëîå-
íèÿ. Ïðè ïîâûøåííîé ïëîòíîñòè
ðàñïðåäåëåíèÿ êðóïíûõ âêëþ÷å-
íèé, èíèöèèðóþùèõ ðàññëîåíèÿ,
êîãäà ìåæäó ñëîÿìè îáðàçóþòñÿ
òîíêèå ïåðåìû÷êè, ðàñïðîñòðà-
íåíèå òðåùèíû ïðîèñõîäèò
ïðåäïî÷òèòåëüíî âäîëü ïëîñêî-
ñòè ðàññëîåíèÿ.

Íàëè÷èå àíèçîòðîïèè óäàðíîé
âÿçêîñòè â ëèñòîâîì ïðîêàòå â
ñîñòîÿíèè âûçâàòü ðàçâèòèå òðå-
ùèíîîáðàçîâàíèÿ â ñâàðíûõ ñî-
åäèíåíèÿõ êîíñòðóêöèé îòâåòñò-
âåííîãî íàçíà÷åíèÿ. Ðàññìîòðèì
êîíêðåòíûå ïðèìåðû òàêèõ ñèòó-
àöèé. Íà ðèñ. 5à ïðåäñòàâëåíà
ñõåìà I òðåùèíîîáðàçîâàíèÿ ïðè
ñâàðêå ïîÿñíûõ ëèñòîâ âåðòè-
êàëüíîãî ðåçåðâóàðà.

Â ëèñòîâîì ïðîêàòå, èìåþùåì
Ka = 3…5, â îêðåñòíîñòè çîíû
òåðìè÷åñêîãî âëèÿíèÿ îáðàçóåòñÿ
ñèñòåìà ìèêðîòðåùèí-ðàññëîå-
íèé, îðèåíòèðóåìûõ âäîëü íàïðà-

âëåíèÿ ïðîêàòêè. Â îêðåñòíîñòè
ñòûêîâîãî ñâàðíîãî øâà äåéñòâó-
åò ñèñòåìà îñòàòî÷íûõ ñâàðî÷íûõ
íàïðÿæåíèé, â òîì ÷èñëå ðàñòÿãè-
âàþùèõ íàïðÿæåíèé, äåéñòâóþ-
ùèõ âäîëü îñè ñâàðíîãî øâà. Â
çàâèñèìîñòè îò óðîâíÿ ðàñòÿãèâà-
þùèõ íàïðÿæåíèé ñëåäóåò îæè-
äàòü ïîÿâëåíèÿ ìèêðîòðåùèí ïðè
ðàçëè÷íîì óðîâíå çíà÷åíèé Ka .
Â ëèñòå 1, èìåþùåì äîïóñòè-
ìîå çíà÷åíèå Ka = 1… 1,5, îáðà-
çîâàíèÿ ïðîäîëüíûõ ìèêðîòðå-
ùèí-ðàññëîåíèé îæèäàòü íåò îñ-
íîâàíèé.

Íàèáîëåå ÷àñòûì ñëó÷àåì ñëå-
äóåò ñ÷èòàòü òðåùèíîîáðàçîâà-
íèå ïî ñõåìå II (ðèñ. 5á) â âèäå
ïðîäîëüíûõ ìèêðîòðåùèí-ðàñ-
ñëîåíèé â çîíå òåðìè÷åñêîãî
âëèÿíèÿ ñâàðêè òðóáîïðîâîäîâ.
×åì âûøå çíà÷åíèå Ka , òåì âû-
øå âåðîÿòíîñòü çàðîæäåíèÿ ìèê-
ðîòðåùèí-ðàññëîåíèé. Ïîñêîëü-
êó òðóáîïðîâîäû ôàêòè÷åñêè ðà-
áîòàþò â ðåæèìå ìàëîöèêëîâîé
óñòàëîñòè, òî íàëè÷èå ïðîäîëü-
íûõ ìèêðîòðåùèí-ðàññëîåíèé
«çàïóñêàåò» ìåõàíèçì óñòàëîñò-
íîãî ðàçðóøåíèÿ. Ïîäîáíàÿ ñè-
òóàöèÿ íàáëþäàëàñü ïðè àíàëèçå
ïðè÷èí ðàçðóøåíèÿ ïðÿìîøîâ-
íîé òðóáû äèàìåòðîì 1220 ìì,
èçãîòîâëåííîé èç íèçêîëåãèðî-
âàííîé ñòàëè 17Ã1Ñ (t =12 ìì)
[21]. Çàðîæäåíèå òðåùèíû ïðî-
èñõîäèò íà ðàññòîÿíèè 0,5–0,8
ìì îò ëèíèè ñïëàâëåíèÿ. Ïî äàí-
íûì ìåòàëëîãðàôè÷åñêîãî àíà-

à – ïðè ñâàðêå ïîÿñíûõ ëèñòîâ âåðòèêàëüíîãî ðåçåðâóàðà ñ ðàçëè÷íîé àíèçîòðîïèåé óäàðíîé âÿçêîñòè Êà; á – â ñâàðíûõ òðóáî-
ïðîâîäàõ, èçãîòîâëåííûõ èç ëèñòîâîãî ïðîêàòà ñ âûñîêèì çíà÷åíèåì êîýôôèöèåíòà àíèçîòðîïèè óäàðíîé âÿçêîñòè (Êà = 3…5);
1 – íàïðàâëåíèå ïðîêàòêè; 2 – çîíà òåðìè÷åñêîãî âëèÿíèÿ; 3 – òðåùèíû-ðàññëîåíèÿ; 4 – îñòàòî÷íûå ñâàðî÷íûå íàïðÿæåíèÿ;
5 – ñâàðíîé øîâ; 6 – òðóáà; â êðóæêàõ óêàçàíû íîìåðà ñòàëüíûõ ëèñòîâ

Ðèñ. 5. Ñõåìà I (à) è ñõåìà II (á) îáðàçîâàíèÿ ïðîäîëüíûõ ìèêðîòðåùèí-ðàññëîåíèé
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ëèçà, ïèëîîáðàçíûé ïðîôèëü èç-
ëîìà ïðîñìàòðèâàåòñÿ íà ðàññòî-
ÿíèè 0,5–8,5 ìì îò î÷àãà çàðîæ-
äåíèÿ òðåùèíû. Ðåëüåô ïîâåðõ-
íîñòè èçëîìà – áîðîçä÷àòûé.
Ìåæäó ãðóáûìè áîðîçäêàìè øè-
ðèíîé 0,3–0,4 ìì ðàñïîëîæåíû
áîëåå ìåëêèå áîðîçäêè øèðèíîé
10–12 ìêì. Â ïðåäåëàõ ó÷àñòêà
èçëîìà øèðèíîé 0,5 ìì, ïðèìû-
êàþùåãî ê î÷àãó çàðîæäåíèÿ
òðåùèíû, óñòàëîñòíûå áîðîçäêè
îòñóòñòâóþò. Áåññòðóêòóðíûé
ðåëüåô èçëîìà, âåðîÿòíî, ñîîò-
âåòñòâóåò çîíå ñäâèãà.

Ïî äàííûì õèìè÷åñêîãî àíà-
ëèçà, â ñòåíêå òðóáû, ãäå ïðî-
èçîøëî òðåùèíîîáðàçîâàíèå
(L = 3 ì), ñîñòàâ ìåòàëëà ñëåäó-
þùèé: Ñ – 0,16, Si – 0,50, Mn
–1,43, S – 0,020, P – 0,027, ìàñ.
%. Ñòðóêòóðà – ôåððèò + ïåð-
ëèò, áàëë ïîëîñ÷àòîñòè – 2–3.
Ñðåäíèé, ïî øåñòè øëèôàì, áàë
çàãðÿçíåííîñòè (ÃÎÑÒ 1778)
ñóëüôèäàìè – 1,3.

Â òàáë. 1 ïðåäñòàâëåíû äàí-
íûå õèìè÷åñêîãî ñîñòàâà ñòàëåé
17ÃÑ, 17Ã1Ñ (÷åòûðå ïëàâêè) è
17ÃÑ1-Ó, ó êîòîðûõ ñðåäíåå ñî-
äåðæàíèå [mC + mS] ñîñòàâëÿåò
0,192 ìàñ. %. Ñðåäíåå çíà÷åíèå
Ka äëÿ ýòèõ ñòàëåé äîñòèãàåò
2,73. Òàêèì îáðàçîì, ìàðãàíöî-
âèñòûå ñòàëè ñ ïîâûøåííûì ñî-
äåðæàíèåì óãëåðîäà (0,16–0,195
ìàñ. %) îñîáåííî ñêëîííû ê îá-
ðàçîâàíèþ ìèêðîòðåùèí-ðàñ-
ñëîåíèé â îêðåñòíîñòè äåéñòâèÿ
ïîëÿ îñòàòî÷íûõ ðàñòÿãèâàþùèõ
ñâàðî÷íûõ íàïðÿæåíèé.

Ïðåäñòàâëåííûå â ñòàòüå ñâå-
äåíèÿ î íåãàòèâíûõ ïîñëåäñòâè-
ÿõ ïðîèçâîäñòâà ïðîêàòà ñ âûñî-
êèìè êîýôôèöèåíòàìè àíèçî-
òðîïèè óäàðíîé âÿçêîñòè âûçû-
âàþò íåîáõîäèìîñòü êîíòðîëÿ
ñòåïåíè àíèçîòðîïèè óäàðíîé âÿ-
çêîñòè. Íà ñåãîäíÿ ñàìûé âûñî-
êèé óðîâåíü Ka ïðåäñòàâëåí â
ðàáîòå [16] ïðè âõîäíîì êîíòðî-
ëå âûñîêîïðî÷íîé ñòàëè Strenx
650 ÌÑ (òîëùèíà ëèñòà 6 ìì).
Ïîñòàâùèê ïðîêàòà âûðàçèë ïðå-
òåíçèþ: â òåõíè÷åñêîì çàäàíèè

ïðåäóñìîòðåíî èñïûòàíèå íà
óäàðíóþ âÿçêîñòü â ïðîäîëüíîì
íàïðàâëåíèè ïðîêàòà (êàê ýòî
ïðèíÿòî â ñòàíäàðòå ÅÑ), à ìå-
òàëë èñïûòûâàëè òàêæå è â ïîïå-
ðå÷íîì íàïðàâëåíèè. Ïî íàøåìó
ìíåíèþ, ïîêóïàòåëü ïðîêàòà
âïðàâå èìåòü äàííûå îá àíèçî-
òðîïèè óäàðíîé âÿçêîñòè, òåì
áîëåå êîãäà ëèñòîâîé ïðîêàò
ïðèìåíÿåòñÿ òàêæå äëÿ ìåòàëëî-
êîíñòðóêöèé ãðóçîïîäúåìíûõ
ìàøèí, îáîðóäîâàíèÿ è ïîäúåì-
íèêîâ [22].

Â òàáë. 2 ïðåäëàãàåòñÿ ãðàäà-
öèÿ êà÷åñòâà ëèñòîâîãî ïðîêàòà â
îòíîøåíèè èçîòðîïíîñòè åå
óäàðíîé âÿçêîñòè äëÿ êîíñòðóê-
öèîííûõ ñòàëåé.

Ïðè êîýôôèöèåíòå àíèçîòðî-
ïèè óäàðíîé âÿçêîñòè Ka > 5
ïðèìåíåíèå ëèñòîâîãî ïðîêàòà
íå äîïóñêàåòñÿ.

Â û â î ä û

1. Íà îñíîâå ñðàâíèòåëüíûõ
èñïûòàíèé íà óäàðíûé èçãèá
ïðîäîëüíûõ è ïîïåðå÷íûõ îá-
ðàçöîâ ëèñòîâîãî ïðîêàòà ôåð-
ðèòíî-ïåðëèòíûõ è âûñîêîïðî÷-
íûõ ñòàëåé, ìèêðîëåãèðîâàííûõ
ñèñòåìîé Ti + Nb + V, ïîäâåðãíó-
òûõ êîíòðîëèðóåìîé ïðîêàòêå è
òåðìîìåõàíè÷åñêîé îáðàáîòêå,

âûÿâëåí øèðîêèé èíòåðâàë êî-
ýôôèöèåíòà àíèçîòðîïèè óäàð-
íîé âÿçêîñòè Ka = 1…12,2.

2. Íàèáîëüøóþ ñêëîííîñòü ê
àíèçîòðîïèè óäàðíîé âÿçêîñòè è
ðàññëîåíèþ ïîêàçûâàþò ñòàëè,
ìèêðîëåãèðîâàííûå ñèñòåìîé
Ti + Nb + V, ïîñëå êîíòðîëèðóå-
ìîé ïðîêàòêè è òåðìîìåõàíè÷åñ-
êîé îáðàáîòêè îáíàðóæèâàÿ çà-
âèñèìîñòü îò ñîäåðæàíèÿ òèòàíà
(êàðáîíèòðèäîâ), àëþìèíèÿ (îê-
ñèäîâ Al2O3), óãëåðîäà (ïåðëèòà,
åñëè îí ïðèñóòñòâóåò â ñòðóêòóðå)
è ñåðû (ñóëüôèäîâ è îêñèñóëü-
ôèäîâ).

3. Ñ ðîñòîì çíà÷åíèéKa óâåëè-
÷èâàåòñÿ ñòåïåíü îõðóï÷èâàíèÿ
ñòàëåé íà ïîïåðå÷íûõ óäàðíûõ
îáðàçöàõ ïî îòíîøåíèþ ê ïðî-
äîëüíûì îáðàçöàì, ïîâûøàÿ âå-
ðîÿòíîñòü ïîÿâëåíèÿ ïåðåëîìîâ
íà çàâèñèìîñòè KCVï-Â, ÷òî óêà-
çûâàåò íà äåéñòâèå íèçêîýíåðãå-
òè÷åñêîãî ìåõàíèçìà ðàçðóøåíèÿ
ñäâèãîì â îêðåñòíîñòè íàäðåçà.

4. Äëÿ ñâàðíûõ êîíñòðóêöèé,
èçãîòîâëåííûõ èç ñòàëåé ñ Ka �

2…5, ó êîòîðûõ âûÿâëÿåòñÿ ïåðå-
ëîì çàâèñèìîñòè KCVï-Â, ïðåä-
ëîæåí ìåõàíèçì îáðàçîâàíèÿ
ïðîäîëüíûõ ìèêðîòðåùèí-ðàñ-
ñëîåíèé â çîíå òåðìè÷åñêîãî
âëèÿíèÿ ñâàðêè.

2. Êëàññèôèêàöèÿ êîíñòðóêöèîííûõ ñòàëåé ïî êîýôôèöèåíòó
àíèçîòðîïèè óäàðíîé âÿçêîñòè

Ãðóïïà

èçîòðîï-

íîñòè

Äèàïàçîí

èçìåíåíèÿ

Ka

Îáëàñòè ïðåäïî÷òèòåëü-

íîãî ïðèìåíåíèÿ

Ïðèìå÷àíèå

1 1–1,2 Òîíêîñòåííûå ñôåðû è
ïîëóñôåðû, òðóáîïðî-
âîäû, ãíóòûå ïðîôèëè

Áåç îãðàíè÷åíèé ïî óðîâíþ
îòâåòñòâåííîñòè êîíñòðóêöèé
è òåìïåðàòóðå ýêñïëóàòàöèè

2 > 1,2–2 Ìàññîâîå ïðèìåíåíèå â
ñòðîèòåëüñòâå, íà òðàí-

ñïîðòå

Êîíñòðóêöèè íîðìàëüíîãî
è ïîâûøåííîãî óðîâíÿ îòâåòñò-
âåííîñòè ïðè ðàñ÷åòíîé òåìïå-

ðàòóðå äî –65 °Ñ è âûøå

3 > 2–3 Ñòðîèòåëüñòâî: êîëîí-
íû è äðóãèå ýëåìåíòû

ñæàòèÿ

Êîíñòðóêöèè íîðìàëüíîãî
óðîâíÿ îòâåòñòâåííîñòè ïðè

ðàñ÷åòíîé òåìïåðàòóðå
äî –45 °Ñ è âûøå

4 � 3–5 Ñòðîèòåëüíûå êîíñò-
ðóêöèè ïîíèæåííîãî

óðîâíÿ îòâåòñòâåííîñòè

Ïðè ðàñ÷åòíîé òåìïåðàòóðå
–45 °Ñ è âûøå
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