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ÓÄÊ 539.4

Ðîñò àóñòåíèòíûõ çåðåí â ñòàëè 20Mn5 äëÿ âàëà ìîùíîãî ãèäðîãåíåðàòîðà

Ì. Ëèó, Ê. Ê. Ìà

Ìàøèíîñòðîèòåëüíûé ôàêóëüòåò, Óíèâåðñèòåò Öèíõóà, Ïåêèí, Êèòàé

Ñòàëü 20Mn5 øèðîêî èñïîëüçóåòñÿ â ïðîèçâîäñòâå âàëîâ ìîùíîãî ãèäðîãåíåðàòîðà áëàãî-

äàðÿ âûñîêîé ïðî÷íîñòè, ïëàñòè÷íîñòè è èçíîñîñòîéêîñòè. Íåêîòîðûå èññëåäîâàòåëè îòìå-

÷àëè ÿâëåíèÿ äåôîðìèðîâàíèÿ ïðè íàãðåâå è ðåêðèñòàëëèçàöèè. Ðîñò àóñòåíèòíûõ çåðåí â

ñòàëè ïðè âûñîêîé òåìïåðàòóðå íå èçó÷åí. Ñêîðîñòü ðîñòà çåðåí îïðåäåëÿåò èõ ðàçìåðû â

ñòàëüíîì ñëèòêå ïåðåä ãîðÿ÷åé êîâêîé, ÷òî ñóùåñòâåííî âëèÿåò íà ôîðìèðîâàíèå ìèêðî-

ñòðóêòóðû. Îáðàçöû, âûðåçàííûå èç ïîëîãî ñëèòêà ñòàëè 20Mn5, íàãðåâàëè äî ðàçëè÷íûõ

òåìïåðàòóð (850, 900, 950, 1000, 1050, 1100, 1150 è 1200�Ñ) ñ âûäåðæêîé â òå÷åíèå 1, 3, 5, 7,

9 è 11 ÷ ïåðåä çàêàëêîé â âîäå. Ïîêàçàíî, ÷òî ðîñò àóñòåíèòíûõ çåðåí çàâèñèò îò

òåìïåðàòóðû è âðåìåíè âûäåðæêè. Â èíòåðâàëå òåìïåðàòóð 850...1050�Ñ ñêîðîñòü èõ ðîñòà

ìàëà, ïðè òåìïåðàòóðàõ 1050...1200�Ñ îíà çíà÷èòåëüíî óâåëè÷èâàåòñÿ. Ïîñòðîåíà äâóõ-

ñòóïåí÷àòàÿ ìîäåëü ðîñòà çåðåí äëÿ ïðîãíîçèðîâàíèÿ èõ ðàçìåðîâ ïîñëå âûäåðæêè ïðè

âûñîêîé òåìïåðàòóðå. Ïðîãíîçèðóåìûå ðàçìåðû àóñòåíèòíûõ çåðåí õîðîøî ñîãëàñóþòñÿ ñ

ýêñïåðèìåíòàëüíûìè, ÷òî ïîäòâåðæäàåò íàäåæíîñòü ìîäåëè.

Êëþ÷åâûå ñëîâà: ðîñò çåðíà, ñòàëü 20Mn5, âàë ãèäðîãåíåðàòîðà, ðàçìåð çåðíà, ñêî-

ðîñòü ðîñòà.

Introduction. Long-time heating is carried out before the hot forging of heavy steel

ingot. The heating temperature and holding time has a great influence on the initial grain

size of heavy steel ingot before hot forging, thus affecting the microstructure evolution

during hot forging and the mechanical properties of final products. Therefore, it’s of great

importance to study the evolution laws of austenite grain size under different temperature

and holding time, and establish a mathematical model to predict the grain growth behavior.

At present, the mathematical models to describe austenite grain growth are mainly divided

into three categories: (i) the Beck dynamic relationship model describing grain growth

under different holding times [1, 2]; (ii) the Arrhenius relationship model describing grain

growth under different heating temperatures [3, 4]; (iii) Sellars model, Anelli model, and

Sellars–Anelli model describing grain growth under different heating temperatures and

holding times [5–9]. The first two only give out the relationship between grain size and a

single parameter, while the third kind of models comprehensively consider the effect of

heating temperature and holding time on grain size, which have higher application value in

practical engineering.

20Mn5 steel has been widely used in the manufacture of hydro-generator shaft due to

its good balance of strength, toughness, wear resistance and weldability. At present, there
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are very few researches on the deformation behaviors of 20Mn5 steel. Liu et al. [10, 11]

investigated the rotatory deformation uniformity and compaction effect of 20Mn5 steel

ingot, the results of which can provide important theoretical reference for establishment of

forging process specification of hydro-generator shaft. However, there are no efforts taken

to figure out the austenite grain growth laws of 20Mn5 steel. The steel ingot used for heavy

hydro-generator shaft forging cools very slowly, causing the coarse grains to form in the

steel ingot after solidification. Before hot forging, the heavy steel ingot is heated under high

temperature for a long time, during which grain size increases to a large extent. Therefore,

the heating temperature and holding time of the heating process greatly affects the

microstructure evolution during hot forging, and reasonable heating temperature and

holding time should be figured out to make sure that the heavy hydro-generator shaft

forging with fine grains can be obtained after hot forging.

In this study, heat insulation experiments of 20Mn5 steel under different temperatures

and holding times are carried out. And the austenite grain sizes under different heating

conditions are measured to establish the mathematical model of austenite grain growth. The

predicted grain sizes by the established model are in good agreement with the experimental

ones, which indicates that the model is accurate and can provide reference for establishment

of forging process of heavy hydro-generator shaft.

1. Materials and Methods.

1.1. Experimental Material. The cube samples with the length of 30 mm were taken

from a 20Mn5 hollow steel ingot used for heavy hydro-generator shaft. The chemical

composition of 20Mn5 steel is given in Table 1. Figure 1 shows the initial as-cast

microstructure of 20Mn5 steel, which contains ferrite and pearlite.

1.2. Experimental Procedure. The grain growth experiments were carried out in a

box-type resistance furnace. The detailed procedure is as follows: the samples were heated

to different temperatures of 850, 900, 950, 1000, 1050, 1100, 1150, and 1200�C at a heating

rate of 15 �C/min, and held for different times of 1, 3, 5, 7, 9, and 11 h. Finally the samples
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T a b l e 1

Chemical Composition of 20Mn5 Steel (wt.%)

C Si Mn P S Cr Ni Mo Al

0.24 0.26 1.47 0.0084 0.0020 0.15 0.076 0.020 0.015

a b

Fig. 1. The initial as-cast microstructure of 20Mn5 steel: (a) optical micrograph; (b) SEM image.



were quenched with water in order to retain the morphologies of austenite grains. After the

heat insulation experiments, the samples were cut, ground, polished and etched in the

mixture of 5 g picric acid, 4 g sodium dodecyl benzene sulfonate, and 100 ml water at

60–70�C. Then, the morphologies of emerged austenite grains were observed by

OLYMPUS BX51 microscope. The average grain sizes were measured by linear intercept

method according to ASTM E112 standard.

2. Results and Discussion.

2.1. Effect of Heating Temperature on Austenite Grain Growth Behavior. Figure 2

shows the austenite grains at different heating temperatures at a holding time of 5 h.

Obviously, the austenite grain size increases with the increasing temperatures, which

indicates that the higher heating temperature results in larger growth rate of austenite grain.

When heating temperature is not higher than 1000�C, the change of the austenite grain size

is small and the austenite grain size varies from 15.48 �m at 850�C to 238.3 �m at 1000�C,

as shown in Fig. 2a–d. Moreover, the grain boundaries at temperature not higher than

1000�C are curved; when heating temperature is higher than 1000�C, the change of the

austenite grain size is big and the austenite grain size varies from 302.93 �m at 1050�C to

893.64 �m at 1200�C, as shown in Fig. 2e–h. In addition, the grain boundaries tend to be

straight and the grain boundary angles tend to be 120�.
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Figure 3 shows the variation of grain size with heating temperature under different

holding times. Obviously, under the same holding time, higher heating temperature results

in larger grain size. When heating temperature is lower than 1050�C, grain size increases

slightly as the heating temperature increases; when heating temperature is above 1050�C,

grain size increases greatly as the heating temperature increases. As shown in Fig. 3, when

holding time is 11 h, the grain sizes corresponding to 850, 900, 950, 1000, 1050, 1100,

1150, and 1200�C are 23.74, 59.34, 166.48, 262.84, 415.65, 574.69, 605.86, and 1153.09 �m,

respectively, which indicates the ability of 20Mn5 steel to resist grain coarsening is strong

below 1050�C.

2.2. Effect of Holding Time on Austenite Grain Growth Behavior. Figure 4 shows

the austenite grains at different holding times at a heating temperature of 950�C. Obviously,

the grain size increases as the holding time increases. Figure 5 shows the variation of grain

size with holding time under different heating temperatures. As shown in Fig. 5, at the same

heating temperature, longer holding time results in larger grain size. And as the holding

time increases, the growth rate of austenite grain tends to be smaller and smaller. And the

corresponding explanation can be given as follows. According to [12], we have

� �� � �K Q RT Dmexp[ )]( ), (1)
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Fig. 2. The austenite grains at a holding time of 5 h: (a) 850�C; (b) 900�C; (c) 950�C; (d) 1000�C;

(e) 1050�C; (f) 1100�C; (g) 1150�C; (h) 1200�C.

Fig. 3. The variation of grain size with heating temperature under different holding times.
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Fig. 4. The austenite grains at a heating temperature of 950�C: (a) 1 h; (b) 3 h; (c) 5 h; (d) 7 h; (e) 9 h;

(f) 11 h.

Fig. 5. The variation of grain size with holding time under different heating temperatures.
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where � is the growth rate of austenite grain, K is a constant, Qm is the movement

activation energy of grain boundary, R is gas constant, �T is absolute temperature, � is

specific boundary energy, and D is austenite grain size.

As the holding time increases, the austenite grain size increases. From Eq. (1), we can

know that the growth rate of austenite grain decreases.

When heating temperature is below 1050�C, the grain size increment is small as the

holding time increases; while heating temperature is not lower than 1050�C, the grain size

increment is not able as the holding time increases. Therefore, 1050�C can be regarded as a

transition temperature, above which grain has a strong tendency to be coarse. The reason

why grain growth rate above 1050�C is larger than that below 1050�C can be given based

on the second-phase particles. Usually, the second-phase particles in steel are dispersively

distributed in matrix. When heating temperature is lower than the dissolution temperature

of second-phase particles, second-phase particles are able to pin the austenite grain

boundaries and prevent austenite grains from growing [13–15]. Figure 6 shows the

morphology and energy dispersive spectrometer (EDS) spectrum of the second-phase

particle in 20Mn5 steel. Figure 6b shows the main elements of the second-phase particle at

850�C and 1 h include Al, Mg, and O. As seen from Fig. 6d, the main elements of the

second-phase particle at 900�C and 1 h include Al, Mg, and O. And the second-phase

particles, the main elements of which include Al, Mg, and O, were also found at the other

temperatures lower than 1050�C. While at 1050, 1100, 1150, and 1200�C, no similar

particles were found under the holding time of 1, 3, 5, 7, 9, and 11 h. Therefore, the

dissolution temperature of the second-phase particles in 20Mn5 steel can be considered to

be about 1050�C. The above results about the second-phase particle can give a reasonable

explanation for the different grain growth rates at different temperature stages.

3. Austenite Grain Growth Model of 20Mn5 Steel. The above experimental results

show that 1050�C can be regarded as a transition temperature, above which grain has a

strong tendency to be coarse, and the austenite grain growth processes at different
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Fig. 6. The morphology and EDS spectrum of the second-phase particle in 20Mn5 steel: (a) morphology

at 850�C and 1 h; (b) EDS spectrum at 850�C and 1 h; (c) morphology at 900�C and 1 h; (d) EDS

spectrum at 900�C and 1 h.
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temperature stages are different. Therefore, two austenite grain growth models are

established based on the experimental data of two temperature stages (850, 900, 950, and

1000�C; 1050, 1100, 1150, and 1200�C). The austenite grain growth model proposed by

Anelli is written as follows [16–19]:

D At Q RTm
gg� � ��

exp[ )], (2)

where D is austenite grain size (�m), t is holding time (h), Qgg is the activation energy of

grain growth (J/mol), R is gas constant [8.314 J/(mol�K)], �T is absolute temperature (K),

and A and �m are constants.

In this study, the austenite grain growth model proposed by Anelli was adopted.

Taking the natural logarithms of both sides of Eq. (2) gives:

ln ln ln ( ).D A m t Q RTgg� 	 � � � (3)

Based on the experimental data at 850, 900, 950, and 1000�C, the variation of ln D

with ln t at different temperatures (850, 900, 950, and 1000�C) is presented in Fig. 7.

Figure 8 shows the variation of ln D with � �10000 ( )RT at different holding times. In

Fig. 7, at a certain temperature, the slope of the fitting line equals �m . The value of �m can

be obtained by taking the average value of different slopes. In Fig. 8, at a certain holding

time, the slope of the fitting line equals Qgg 10000 and the intercept of the fitting line

equals ln ln .A m t	 � The values of Qgg and A can be obtained by taking the average

values of Qgg and A at different holding times.

From the fitting results of Figs. 7 and 8, ��m 0.350483, Qgg � 212630.4833 J/mol,

and A � �183636 1011. can be obtained. Therefore, the austenite grain growth model at 850,

900, 950, and 1000�C can be given as follows:

D t RT� � � �183636 10 212630483311 0 350483. exp[ . ( )]..
(4)

However, Eq. (4) fails to give an accurate prediction of the austenite grain size at

different heating conditions. There exists a large deviation between the measured grain size

140 ISSN 0556-171X. Ïðîáëåìè ì³öíîñò³, 2018, ¹ 2

Fig. 7. The variation of ln D with ln t at different heating temperatures.
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and calculated grain size on some heating conditions. And a method using polynomial

fitting is proposed to revise the austenite grain growth model shown in Eq. (4). Figure 9

shows the polynomial fitting results at 850, 900, 950, and 1000�C.

Thus, according to the polynomial fitting results, the revised austenite grain growth

model at 850, 900, 950, and 1000�C can be given as follows:

D t�� 	 � �1311727 062646 183636 10 212611 0 350483. . { . exp[. 304833. ( )]}RT � �

� � � ��4 80738 10 183636 10 2126304834 11 0 350483. { . exp[ ..t 3 2( )]}RT � 	

	 � � ��166241 10 183636 10 2126304837 11 0 350483. { . exp[ ..t 3 3( )]} .RT � (5)

Based on Eq. (5), grain sizes at different heating temperatures and holding times are

solved out. And the measured grain sizes and the calculated grain sizes at 850, 900, 950,

and 1000�C are presented in Fig. 10. Figure 10 shows that the calculated grain sizes are in

good agreement with the measured grain sizes, which indicates the established austenite

grain growth model at 850, 900, 950, and 1000�C is reliable and has a relatively high

accuracy.
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Fig. 8. The variation of ln D with � �10000 ( )RT at different holding times.

Fig. 9 Fig. 10

Fig. 9. The polynomial fitting results at 850, 900, 950, and 1000�C.

Fig. 10. The measured grain sizes and calculated grain sizes at 850, 900, 950, and 1000�C.
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Based on the experimental data at 1050, 1100, 1150, and 1200�C, the variation of ln D

with ln t at different temperatures (1050, 1100, 1150, and 1200�C) is presented in Fig. 11.

Figure 12 shows the variation of ln D with � �10000 ( )RT at different holding times. In

Fig. 11, at a certain temperature, the slope of the fitting line equals �m . The value of �m can

be obtained by taking the average value of different slopes. In Fig. 12, at a certain holding

time, the slope of the fitting line equals Qgg 10000 and the intercept of the fitting line

equals ln ln .A m t	 � The values of Qgg and A can be obtained by taking the average

values of Qgg and A at different holding times.

From the fitting results of Figs. 11 and 12, ��m 0.2517, Qgg � 105919.3 J/mol, and

A � 3525405 can be obtained. Therefore, the austenite grain growth model at 1050, 1100,

1150, and 1200�C can be given as follows:

D t RT� � �3525405 10591930 2517. exp[ . ( )]. (6)

However, Eq. (6) can’t give an accurate prediction of the austenite grain size at

different heating conditions. There exists some unneglectable deviations between the

measured grain size and calculated grain size on some heating conditions. And a method

using polynomial fitting is proposed to revise the austenite grain growth model shown in

Eq. (6). Figure 13 shows the polynomial fitting results at 1050, 1100, 1150, and 1200�C.

Thus, according to the polynomial fitting results, the revised austenite grain growth

model at 1050, 1100, 1150, and 1200�C can be given as follows:

D t R�� 	 �25245733 258233 3525405 10591930 2517. . { exp[ . (. � �T )]}

� � � 	000329 3525405 10591930 2517 2. { exp[ . ( )]}.t RT

	 � � ��188493 10 3525405 10591936 0 2517 3. { exp[ . ( )]} ..t RT (7)

Based on Eq. (7), grain sizes at different heating temperatures and holding times are

solved out. And the measured grain sizes and the calculated grain sizes at 1050, 1100,

1150, and 1200�C are presented in Fig. 14. Figure 14 shows that the calculated grain sizes

are in good agreement with the measured grain sizes, which indicates the established
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Fig. 11. The variation of ln D with ln t at different heating temperatures.

Fig. 12. The variation of ln D with � �10000 ( )RT at different holding times.
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austenite grain growth model at 1050, 1100, 1150, and 1200�C is reliable and has a

relatively high accuracy.

Table 2 shows the measured grain sizes and calculated grain sizes on different heating

conditions. Table 3 gives out the absolute value of relative error on different heating

conditions. For the austenite grain growth model at 850, 900, 950, and 1000�C, the average

absolute value of relative error is 21.45%. And the absolute value of relative error is

defined by Eq. (8):

AVRE
CGS MGS

MGS
�

�
, (8)

where AVRE is the absolute value of relative error, CGS is the calculated grain size, and

MGS is the measured grain size.

For the austenite grain growth model at 1050, 1100, 1150, and 1200�C, the average

absolute value of relative error is 6.67%. The above results further validate the high

reliability of the established austenite grain growth models at two temperature stages.
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Fig. 13. The polynomial fitting results at 1050, 1100, 1150, and 1200�C.

Fig. 14. The measured grain sizes and calculated grain sizes at 1050, 1100, 1150, and 1200�C.

Fig. 13 Fig. 14

T a b l e 2

Measured Grain Sizes (�m) and Calculated Grain Sizes (�m)

on Different Heating Conditions

T ,

�C

1 h 3 h 5 h 7 h 9 h 11 h

MGS CGS MGS CGS MGS CGS MGS CGS MGS CGS MGS CGS

850 9.3 1.5 14.2 8.1 15.5 12.2 20.9 15.2 22.3 17.7 23.7 19.9

900 20.9 24.2 22.3 40.5 35.6 50.2 44.5 57.3 50.9 63.2 59.3 68.1

950 89.4 71.8 99.3 105.0 137.5 123.5 148.9 136.7 162.5 147.0 166.5 155.6

1000 151.5 153.2 162.5 203.2 238.3 227.7 250.3 244.0 259.0 256.2 262.8 266.1

1050 223.4 193.4 251.7 284.1 302.9 327.7 343.7 356.7 380.3 378.4 415.6 395.8

1100 297.9 309.2 392.8 403.9 470.3 448.8 496.5 479.3 560.3 503.1 574.7 523.1

1150 415.6 421.0 496.5 522.6 541.6 580.3 580.3 627.3 595.8 669.9 605.9 710.2

1200 558.5 533.9 760.5 690.9 893.6 820.4 992.9 945.5 1083.2 1069.4 1153.1 1192.9
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C o n c l u s i o n s

1. The austenite grain size increases with the heating temperature and holding time.

2. As the holding time increases, the growth rate of austenite grain decreases.

3. When heating temperature is below 1050�C, the grain size increment is small as the

holding time increases; while heating temperature is not lower than 1050�C, the grain size

increment is notable as the holding time increases. 1050�C can be regarded as a transition

temperature, above which grain has a strong tendency to be coarse.

4. Two austenite grain growth models are established based on the experimental data

of two temperature stages (850, 900, 950, and 1000�C; 1050, 1100, 1150, and 1200�C). The

calculated grain sizes are in good agreement with the measured grain sizes, which indicates

the established austenite grain growth model is reliable and has a relatively high accuracy.

Ð å ç þ ì å

Ñòàëü 20Mn5 øèðîêî âèêîðèñòîâóºòüñÿ ó âèðîáíèöòâ³ âàë³â ïîòóæíîãî ã³äðîãåíåðà-

òîðà çàâäÿêè âèñîê³é ì³öíîñò³, ïëàñòè÷íîñò³ òà çíîñîñò³éêîñò³. Äåÿê³ äîñë³äíèêè

â³äì³÷àëè ÿâèùà äåôîðìóâàííÿ ïðè íàãð³âàíí³ ³ ðåêðèñòàë³çàö³¿. Ð³ñò àóñòåí³òíèõ

çåðåí ó ñòàë³ çà âèñîêî¿ òåìïåðàòóðè íå âèâ÷àâñÿ. Øâèäê³ñòü ðîñòó çåðåí âèçíà÷àº ¿õ

ðîçì³ðè â ñòàëüíîìó çëèòêó ïåðåä ãàðÿ÷èì êóâàííÿì, ùî ñóòòºâî âïëèâàº íà ôîðìó-

âàííÿ ì³êðîñòðóêòóðè. Çðàçêè ç ïîðîæíèñòîãî çëèòêà ñòàë³ 20Mn5 íàãð³âàëè äî

ð³çíèõ òåìïåðàòóð (850, 900, 950, 1000, 1050, 1100, 1150 ³ 1200�Ñ) ³ç âèòðèìêîþ

ïðîòÿãîì 1, 3, 5, 7, 9 òà 11 ãîäèí ïåðåä çàêàëþâàííÿì ó âîä³. Ïîêàçàíî, ùî ð³ñò

àóñòåí³òíèõ çåðåí çàëåæèòü â³ä òåìïåðàòóðè ³ ÷àñó âèòðèìêè. Â ³íòåðâàë³ òåìïå-

ðàòóð 850...1050�Ñ øâèäê³ñòü ¿õ ðîñòó ìàëà, çà òåìïåðàòóð 1050...1200�Ñ âîíà çíà÷íî

çá³ëüøóºòüñÿ. Ïîáóäîâàíî äâîñòóïåíåâó ìîäåëü ðîñòó çåðåí äëÿ ïðîãíîçó ¿õ ðîçì³ð³â

ï³ñëÿ âèòðèìêè çà âèñîêî¿ òåìïåðàòóðè. Ïðîãíîçîâàí³ ðîçì³ðè àóñòåí³òíèõ çåðåí

äîáðå óçãîäæóþòüñÿ ç åêñïåðèìåíòàëüíèìè, ùî ï³äòâåðäæóº íàä³éí³ñòü ìîäåë³.
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