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Õèìè÷åñêèé ñïîñîá óäàëåíèÿ îêàëèíû ñ ïîâåðõíîñòè ñòàëüíîé êàòàíêè õàðàêòåðèçóåòñÿ

íåãàòèâíûì âëèÿíèåì ïàðîâ êèñëîò íà çäîðîâüå ÷åëîâåêà è îêðóæàþùóþ ñðåäó, à òàêæå

òðóäíîñòÿìè óòèëèçàöèè òðàâèëüíûõ øëàìîâ. Öåëü äàííîé ðàáîòû — ðàçðàáîòêà ìåòàë-

ëîãðàôè÷åñêîãî ìåòîäà îïðåäåëåíèÿ ìàññû îêàëèíû íà ïîâåðõíîñòè ñòàëüíîé êàòàíêè,

ïîäâåðãíóòîé äâóõñòàäèéíîìó îõëàæäåíèþ. Èñïûòàíèÿ ïðîâîäèëè â ñîîòâåòñòâèè ñ òðåáî-

âàíèÿìè äåéñòâóþùèõ ñòàíäàðòîâ ïî îöåíêå òî÷íîñòè (ïðàâèëüíîñòè è ïðåöèçèîííîñòè)

ìåòîäîâ è ðåçóëüòàòîâ èçìåðåíèé. Âûÿâëåíû ñëåäóþùèå îñíîâíûå äîñòîèíñòâà ìåòàëëî-

ãðàôè÷åñêîãî ïîäõîäà: ïîäòâåðæäåííàÿ äîñòîâåðíîñòü ðåçóëüòàòîâ îïðåäåëåíèé ìàññû

îêàëèíû ñ òðåáóåìîé òî÷íîñòüþ ïðè ïðèíÿòîé äîâåðèòåëüíîé âåðîÿòíîñòè 95 %; ñóùå-

ñòâåííîå ñíèæåíèå çàòðàò íà ðàñõîä ìàòåðèàëîâ âñëåäñòâèå îòñóòñòâèÿ íåîáõîäèìîñòè ñïå-

öèàëüíîé ïîäãîòîâêè îáðàçöîâ; ñîêðàùåíèå âðåìåíè èñïûòàíèÿ çà ñ÷åò ïàðàëëåëüíûõ

îïðåäåëåíèé ìåòàëëîãðàôè÷åñêèõ ïàðàìåòðîâ è îïòèìèçàöèè îïåðàöèè, ñâÿçàííîé ñ óäà-

ëåíèåì îêàëèíû ïóòåì ðàñòâîðåíèÿ åå â òðàâèëüíîì ðàñòâîðå è çàùèòîé îñíîâíîãî ìåòàë-

ëà èíãèáèòîðàìè; èñêëþ÷åíèå èñïîëüçîâàíèÿ êèñëîòû è, êàê ñëåäñòâèå, íåîáõîäèìîñòè

óòèëèçàöèè îòõîäîâ. Ìåòîä, ïîìèìî êîëè÷åñòâåííîé îöåíêè ñîäåðæàíèÿ îêàëèíû, ïîçâî-

ëÿåò òàêæå îïðåäåëÿòü ñîîòíîøåíèå åå ôàçîâûõ ñîñòàâëÿþùèõ. Ïîêàçàíî, ÷òî ìåòàëëîãðà-

ôè÷åñêèé ìåòîä, âêëþ÷àþùèé îïðåäåëåíèå ìàññû îêàëèíû ïóòåì èçìåðåíèÿ òîëùèí ñëî-

åâ åå ôàç (âþñòèòà, ìàãíåòèòà), ìîæíî èñïîëüçîâàòü êàê àëüòåðíàòèâó òðàäèöèîííîé ñòàí-

äàðòèçèðîâàííîé ìåòîäèêå ýêñïðåññ-îïðåäåëåíèÿ êîëè÷åñòâà îêàëèíû è ðåíòãåíîñòðóê-

òóðíîìó àíàëèçó ôàçîâîãî ñîñòàâà.

Êëþ÷åâûå ñëîâà: áóíòîâîé ïðîêàò; êàòàíêà; îêàëèíà; âþñòèò; ìàãíåòèò; ãåìàòèò.
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A net detrimental effect of acid vapors on human health and environment characteristic for chemical

methods of descaling the surface of steel wire rod, as well as the difficulties in the disposal of pickling

sludge dictate the need for developing a new methodology free of the aforementioned shortcomings.

A metallographic method for determining the mass of scale on the surface of a steel wire rod subjected to

two-stage cooling is proposed. The tests were carried out in accordance with the requirements of current

standards for assessing the accuracy (correctness and precision) of methods and measurement results.

The proposed metallographic approach appeared advantageous for proved reliability of the scale mass

determination with the required accuracy at a confidence level of 95%; for significant reduction in the ma-

terial consumption due to the absence of the need for special sample preparation; reduction of the test

time due to determination of metallographic parameters in parallel with optimization of the descaling pro-

cedure through scale dissolution in a pickling solution and protection of the base metal with the inhibitors;

for elimination of using acids and, as a result, the necessity of waste disposal. Apart from quantifying

the scale content, the method provides for determination of the phase component ratio. It is shown that

the metallographic method, including determination of the scale mass by measuring the thickness of the
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layers of the scale phases (wustite, magnetite), can be used as an alternative to the traditional standard-

ized method for rapid determination of the scale amount and X-ray structural analysis of the phase com-

position.

Keywords: rolled bars in coils; wire rod; scale; wustite; magnetite; hematite.

Ââåäåíèå

Ïðè ïðîèçâîäñòâå óãëåðîäèñòîé êàòàíêè —

ñûðüÿ äëÿ èçãîòîâëåíèÿ ïðîâîëîêè ðàçëè÷íîãî

íàçíà÷åíèÿ — ïðèìåíÿþò óñêîðåííîå äâóõñòà-

äèéíîå îõëàæäåíèå [1]. Ïåðåä ñòàäèåé âîëî÷åíèÿ

ñ ïîâåðõíîñòè êàòàíêè óäàëÿþò òàê íàçûâàåìóþ

âòîðè÷íóþ îêàëèíó — ñëîé òåìíî-ñåðîãî öâåòà,

ñîñòîÿùèé èç îêñèäîâ æåëåçà (ðèñ. 1). Ñîñòàâ

è ñòðóêòóðà îêàëèíû îïðåäåëÿþòñÿ ðåæèìîì

îõëàæäåíèÿ ïîñëå ïðîêàòêè [7, 8]. Ïîñëîéíîå åå

ñòðîåíèå â îñíîâíîì ñîîòâåòñòâóåò ïîñëåäîâà-

òåëüíîñòè ïðåâðàùåíèé — âþñòèò (FeO) ðàñïî-

ëîæåí áëèæå âñåãî ê ìåòàëëó, çàòåì ñëåäóþò ìàã-

íåòèò (Fe3O4) è âíåøíèé ñëîé — ãåìàòèò (Fe2O3)

(ðèñ. 2).

Ñïîñîáíîñòü îêàëèíû ê óäàëåíèþ, êàê èç-

âåñòíî, çàâèñèò îò åå ñòðóêòóðû — ñîîòíîøåíèÿ

ñîñòàâëÿþùèõ [5, 6]. Âþñòèò â îòëè÷èå îò ìàãíå-

òèòà è ãåìàòèòà ëåãêî ðàñòâîðèì â êèñëîòàõ, ïî-

ýòîìó ïðè òðàäèöèîííîì õèìè÷åñêîì ñïîñîáå

óäàëåíèÿ îí ïðåäïî÷òèòåëüíåå äðóãèõ îêñèäîâ

[9, 10]. Çàìåòèì, ÷òî õèìè÷åñêèé ìåòîä óäàëåíèÿ

îêàëèíû õàðàêòåðèçóåòñÿ íåãàòèâíûì âëèÿíèåì

ïàðîâ êèñëîò íà çäîðîâüå ÷åëîâåêà è îêðóæà-

þùóþ ñðåäó, à òàêæå òðóäíîñòÿìè óòèëèçàöèè

òðàâèëüíûõ øëàìîâ [2 – 4].

Ïðè àòòåñòàöèîííûõ èñïûòàíèÿõ ãîðÿ÷åêà-

òàíîãî áóíòîâîãî ïðîêàòà óãëåðîäèñòûõ ìàðîê

ñòàëåé îäèí èç âàæíûõ ïîêàçàòåëåé êà÷åñòâà, êî-

òîðûé íîðìèðóþò è êîíòðîëèðóþò, — ìàññà îêà-

ëèíû. Â ïîâñåäíåâíîé ïðàêòèêå êîëè÷åñòâî îêà-

ëèíû îöåíèâàþò ñ ïîìîùüþ ìåòîäèêè ýêñïðåññ-

îïðåäåëåíèÿ (ÃÎÑÒ 30136–95) [11, 12], âêëþ÷à-

þùåé èñïîëüçîâàíèå òðàâèëüíîãî ðàñòâîðà äëÿ

óäàëåíèÿ è çàùèòó îñíîâíîãî ìåòàëëà èíãèáèòî-

ðàìè. Äàííûé ïîäõîä ïîçâîëÿåò îïðåäåëèòü îá-

ùóþ ìàññó îêàëèíû, íî íå îòäåëüíûõ åå ñîñòàâ-

ëÿþùèõ [13].

Öåëü ðàáîòû — ðàçðàáîòêà ìåòîäèêè ìåòàë-

ëîãðàôè÷åñêîãî îïðåäåëåíèÿ ìàññû îêàëèíû íà

ïîâåðõíîñòè ñòàëüíîé êàòàíêè, ïîäâåðãíóòîé

äâóõñòàäèéíîìó îõëàæäåíèþ.

Ìàòåðèàëû, ìåòîäèêà, îáîðóäîâàíèå

Ìåòàëëîãðàôè÷åñêèé ìåòîä îïðåäåëåíèÿ êî-

ëè÷åñòâà îêàëèíû íà ïîâåðõíîñòè êàòàíêè èëè

íà ïîðîøêîâîé ïðîáå (ïîñëå ñáîðà îêàëèíû è èç-

ìåëü÷åíèÿ â ïîðîøîê) îñíîâàí íà çàâèñèìîñòè

ìàññû îêàëèíû îò òîëùèíû åå îòäåëüíûõ ñëîåâ.

Îí äàåò âîçìîæíîñòü ïàðàëëåëüíî ïðîâîäèòü èç-

ìåðåíèÿ ðàçëè÷íûõ ìåòàëëîãðàôè÷åñêèõ ïàðà-

ìåòðîâ [15].
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Ðèñ. 1. Îêàëèíà íà ïîâåðõíîñòè êàòàíêè (à) è åå ïîïåðå÷íîå ñå÷åíèå (á)

Fig. 1. The scale on wire rod surface (a) and the cross-section (b)

Ðèñ. 2. Ïîñëîéíîå ñòðîåíèå îêàëèíû íà êàòàíêå

Fig. 2. Layer-by-layer structure of the scale on the wire rod



Îáúåìíûå äîëè ñîñòàâëÿþùèõ îêàëèíó ôàç

îöåíèâàëè ñ ïîìîùüþ ðåíòãåíîâñêîãî äèôðàêòî-

ìåòðà ARL X’TRA â êîíôèãóðàöèè ñ îïòèêîé ïà-

ðàëëåëüíîãî ïó÷êà (CuKá-èçëó÷åíèå) [14].

Èñïîëüçîâàëè ñëåäóþùèé àëãîðèòì. Èç îá-

ðàçöà êàòàíêè â ïîïåðå÷íîì ñå÷åíèè ñíà÷àëà

èçãîòàâëèâàëè ìèêðîøëèô. Äëÿ óâåëè÷åíèÿ êîí-

òðàñòíîñòè ñîñòàâëÿþùèõ ôàç ìèêðîøëèô òðà-

âèëè â 4 %-ì ñïèðòîâîì ðàñòâîðå àçîòíîé êèñ-

ëîòû. Äàëåå ïëîùàäü ïîïåðå÷íîãî ñå÷åíèÿ ðàç-

áèâàëè íà âîñåìü ñåãìåíòîâ (ïî 45°) (ðèñ. 3).

Ñ ïîìîùüþ îêóëÿð-ìèêðîìåòðà (×1000) íà êàæ-

äîì ñåãìåíòå èçìåðÿëè òîëùèíû ôàç (âþñòèòà è

ìàãíåòèòà). Òàê êàê ïðè äâóõñòàäèéíîì îõëàæäå-

íèè ãåìàòèò â îêàëèíå ïðèñóòñòâóåò â âèäå íå-

áîëüøèõ ó÷àñòêîâ, òîëùèíó åãî ñëîÿ íå ó÷èòûâà-

ëè. Â ñëó÷àå îòñóòñòâèÿ îêàëèíû íà êàêîì-ëèáî

îäíîì èëè íåñêîëüêèõ ñåãìåíòàõ åå òîëùèíó îï-

ðåäåëÿëè íà ìåíüøåì êîëè÷åñòâå ó÷àñòêîâ (íî íå

ìåíåå ïÿòè). Çàòåì íàõîäèëè ñîîòíîøåíèå ôàçî-

âûõ ñîñòàâëÿþùèõ, â çàâèñèìîñòè îò êîòîðîãî

ðàññ÷èòûâàëè ñðåäíèå òîëùèíó è ïëîòíîñòü îêà-

ëèíû. Â èòîãå ïîëó÷àëè ìàññó.

Ðàñ÷åò óäåëüíîé ìàññû îêàëèíû X íà ïîâåðõ-

íîñòè êàòàíêè (ÃÎÑÒ 2590–2006) ïðîâîäèëè ïî

ôîðìóëå

X = (hðñö)/m,

ãäå h, ñ — ñðåäíèå òîëùèíà è ïëîòíîñòü îêàëèíû;

ö — äèàìåòð êàòàíêè; m — ìàññà 1 ì êàòàíêè.

Ñðåäíÿÿ ïëîòíîñòü îêàëèíû

� � �� 	
FeO Fe O

3 4FeO Fe O

3 4100 100
,

ãäå ñFeO = 5,7, �Fe O
3 4

= 5,18 ã/ñì3 è FeO = hFeO/h ×

× 100, Fe3O4 = hFe O
3 4

/h · 100 — ïëîòíîñòè (ïî

äàííûì ðåíòãåíîñòðóêòóðíîãî àíàëèçà) è îáúåì-

íûå äîëè âþñòèòà è ìàãíåòèòà ñîîòâåòñòâåííî.

Òîëùèíû ñëîåâ âþñòèòà hFeO è ìàãíåòèòà

hFe O
3 4

ðàññ÷èòûâàëè êàê ñðåäíèå ïî âîñüìè èç-

ìåðåíèÿì:
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3 4

— ðåçóëüòàòû i-õ èçìåðåíèé

òîëùèí ñëîåâ FeO è Fe3O4.

Ñðåäíÿÿ òîëùèíà îêàëèíû

h = hFeO + h
Fe O3 4

.

Îáñóæäåíèå ðåçóëüòàòîâ

Â òàáë. 1 ïðèâåäåíû òîëùèíû ñëîåâ ôàç îêà-

ëèíû ïî ñåãìåíòàì íà ïîâåðõíîñòè îáðàçöà êà-

òàíêè óãëåðîäèñòîé ñòàëè ñòàíäàðòíîãî êà÷åñòâà

ìàðêè ñò1ñï (äèàìåòð — 5,5 ìì). Èñïûòàíèÿ ïðî-

âîäèëè ñ èñïîëüçîâàíèåì ìåòàëëîãðàôè÷åñêîãî

îïòè÷åñêîãî ìèêðîñêîïà.

Ïîñëå âû÷èñëåíèé ïîëó÷èëè: ñðåäíèå òîë-

ùèíà è ïëîòíîñòü îêàëèíû íà èññëåäóåìîì îá-

ðàçöå — h = 14,5 ìêì, ñ = 5,57 ã/ñì3; óäåëüíàÿ

ìàññà îêàëèíû — X = 7,47 êã/ò; îáúåìíûå äîëè

ôàç, %: âþñòèò — 76 ± 3, ìàãíåòèò — 24 ± 3.
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Ðèñ. 3. Ñõåìà èçìåðåíèÿ òîëùèíû îêàëèíû

Fig. 3. Measurement design for the scale thickness determination

Òàáëèöà 1. Òîëùèíû ñëîåâ ôàç îêàëèíû (ìêì) ïî ñåã-

ìåíòàì íà ïîâåðõíîñòè îáðàçöà êàòàíêè óãëåðîäèñòîé

ñòàëè ñò1ñï

Table 1. Thickness of the scale phase layers (microns) by

segments on the surface of a wire rod sample (ST1SP carbon

steel)

Ôàçà

Ñåãìåíò

1 2 3 4 5 6 7 8

FeO 12 11 10 11 10 11 11 12

Fe
3
O

4
3 3 3 4 4 4 4 3



Ìåòîäîì ýêñïðåññ-îïðåäåëåíèÿ (èñïûòûâàëè

îáðàçåö êàòàíêè òîé æå ïëàâêè) ìàññà îêàëèíû

ñîñòàâèëà

X
m m

m
�

�

�
1 2

1

1000·

�

�99 712 99 018

99 712
1000

, ,

,
· = 6,96 êã/ò

(m1, m2 — ìàññû îáðàçöà äî è ïîñëå òðàâëåíèÿ).

Ðåíòãåíîñòðóêòóðíûé àíàëèç ôàçîâîãî ñîñòà-

âà (ðèñ. 4) ïîðîøêîâîé ïðîáû ïîêàçàë, ÷òî îáú-

åìíûå äîëè ôàç FeO è Fe3O4 — 77 è 23 % ñîîòâåò-

ñòâåííî.

Âèäíî, ÷òî ðåçóëüòàòû àíàëèçà îêàëèíû

ìåòàëëîãðàôè÷åñêèì è òðàäèöèîííûì (ýêñ-

ïðåññ-îïðåäåëåíèå ïî ÃÎÑÒ è ðåíòãåíîñòðóêòóð-

íûé àíàëèç ôàçîâîãî ñîñòàâà) ñïîñîáàìè áëèçêè.

Ìåòîä ìåòàëëîãðàôè÷åñêîãî îïðåäåëåíèÿ êî-

ëè÷åñòâà îêàëèíû è íåîïðåäåëåííîñòü ðåçóëüòà-

òîâ èçìåðåíèé îöåíèâàëè â ñîîòâåòñòâèè ñ òðåáî-

âàíèÿìè ÑÒÁ ÈÑÎ 5725-2-2002 è ISO 21748:2010

(ïðèíÿòàÿ äîâåðèòåëüíàÿ âåðîÿòíîñòü P = 95 %,

äèàïàçîí èçìåðåíèé — 1 – 15 êã/ò).

Íåîïðåäåëåííîñòü ðåçóëüòàòîâ èçìåðåíèé çà-

âèñèò, ãëàâíûì îáðàçîì, îò îñíîâíîãî çíà÷èìîãî

ôàêòîðà — ïðåöèçèîííîñòè ðåçóëüòàòîâ èçìåðå-

íèé SR (ó÷èòûâàåò âëèÿíèå îïåðàòîðà, îáîðóäî-

âàíèÿ, îïðåäåëåíèÿ ñðåäíåãî çíà÷åíèÿ, óñëîâèé

îêðóæàþùåé ñðåäû). Ïðè ýòîì ñóììàðíóþ ñòàí-

äàðòíóþ íåîïðåäåëåííîñòü ìîæíî âûðàçèòü ñëå-

äóþùèì îáðàçîì:

uñ(X) = SR.

Ðàñøèðåííóþ íåîïðåäåëåííîñòü U(X) íàõî-

äèëè óìíîæåíèåì uñ(X) íà êîýôôèöèåíò îõâàòà k

(ïðèíèìàëè ðàâíûì 2 ïðè äîâåðèòåëüíîé âåðî-

ÿòíîñòè P = 95 % â ïðåäïîëîæåíèè íîðìàëüíîãî

ðàñïðåäåëåíèÿ).

Ïîêàçàòåëè òî÷íîñòè è ðàñøèðåííîé íåîïðå-

äåëåííîñòè ðåçóëüòàòîâ èçìåðåíèé ìàññû îêàëè-

íû ïðèâåäåíû â òàáë. 2.

Âèäíî, ÷òî ðàñøèðåííàÿ íåîïðåäåëåííîñòü

ìåòàëëîãðàôè÷åñêîãî ìåòîäà îïðåäåëåíèÿ ìàññû

îêàëèíû ñîñòàâëÿåò 1 êã/ò è íå ïðåâûøàåò äîïóñ-

òèìîé ïîãðåøíîñòè ñòàíäàðòèçèðîâàííîé ìåòî-

äèêè ýêñïðåññ-îïðåäåëåíèÿ.

Çàêëþ÷åíèå

Òàêèì îáðàçîì, ïðîâåäåííûå èñïûòàíèÿ ïî-

êàçàëè, ÷òî ìåòàëëîãðàôè÷åñêèé ìåòîä îïðåäå-

ëåíèÿ ìàññû îêàëèíû íà ïîâåðõíîñòè ñòàëüíîé

êàòàíêè èìååò ñëåäóþùèå ïðåèìóùåñòâà: óìåíü-

øåíèå ðàñõîäà ìàòåðèàëîâ, ïîñêîëüêó ñïåöèàëü-

íàÿ ïîäãîòîâêà îáðàçöîâ íå òðåáóåòñÿ; ñîêðàùå-

íèå âðåìåíè èñïûòàíèÿ â ñâÿçè ñ âîçìîæíîñòüþ

ïðîâåäåíèÿ ïàðàëëåëüíûõ ìåòàëëîãðàôè÷åñêèõ

èçìåðåíèé; èñêëþ÷åíèå èñïîëüçîâàíèÿ êèñëîòû

è, êàê ñëåäñòâèå, íåîáõîäèìîñòè óòèëèçàöèè

îòõîäîâ; âîçìîæíîñòü îöåíêè íå òîëüêî êîëè÷å-

ñòâåííîãî ñîäåðæàíèÿ îêàëèíû, íî è ñîîòíî-

øåíèÿ åå ôàçîâûõ ñîñòàâëÿþùèõ. Íåäîñòàòîê

ìåòîäà — ñëîæíîñòü ïîäãîòîâêè ìèêðîøëèôîâ

ñ îêàëèíîé íà âñåé ïîâåðõíîñòè ïîïåðå÷íîãî

ñå÷åíèÿ âñëåäñòâèå åå îñûïàíèÿ. Ìåòàëëîãðàôè-

÷åñêèé ìåòîä îïðåäåëåíèÿ ìàññû îêàëèíû ïóòåì

èçìåðåíèÿ åå òîëùèíû ìîæåò èñïîëüçîâàòüñÿ

êàê àëüòåðíàòèâà òðàäèöèîííîìó ñïîñîáó ýêñ-

ïðåññ-îïðåäåëåíèÿ.
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Òàáëèöà 2. Ïîêàçàòåëè ïðåöèçèîííîñòè, ïðåäåëîâ ïîâòîðÿåìîñòè è âîñïðîèçâîäèìîñòè, ðàñøèðåííîé íåîïðåäåëåííî-

ñòè ðåçóëüòàòîâ èçìåðåíèé (êã/ò)

Table 2. Indicators of the accuracy, limits for the repeatability and reproducibility, and the extended uncertainty of measure-

ment results (kg/ton)

Äèàïàçîí

èçìåðåíèé

Ñòàíäàðòíîå

îòêëîíåíèå

ïîâòîðÿåìîñòè

Ïðåäåë

ïîâòîðÿåìîñòè

Ñòàíäàðòíîå

îòêëîíåíèå

âîñïðîèçâîäèìîñòè

Ïðåäåë

âîñïðîèçâîäèìîñòè

Ðàñøèðåííàÿ íåîïðå-

äåëåííîñòü ðåçóëüòàòîâ

èçìåðåíèé

1 – 4 0,159 0,45 0,159 0,45 1

4 – 8 0,149 0,42 0,149 0,42 1

8 – 12 0,146 0,41 0,146 0,41 1

12 – 15 0,163 0,46 0,163 0,46 1

Fe O2 3

Fe O3 4

FeO

2 , ãðàä.È

Ðèñ. 4. Äèôðàêòîãðàììà îêàëèíû

Fig. 4. Scale diffractogram
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