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Poct aycTeHUTHBIX 3epeH B craian 20MnS 1151 Bajia MOIITHOTO TH/IPOTeHepaTopa
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ManmHoctpouTenbHblil dakynbrer, YHuepcurer [{unxya, [Teknn, Kurait

Cmanv 20Mn5 wupoko ucnoiwvzyemcsa 6 npou3eoocmee 8aio8 MOWHO20 2uopozeHepamopa 61azo-
0aps blICOKOU NPOUHOCMU, NAACMUYHOCIU U u3HOCOcmotikocmuy. Hexomopuie uccrnedosamenu omme-
uanu AeneHus 0ehopMuposans npu nazpeee u pekpucmannuzayuu. Pocm aycmenumnvix 3epen 6
cmanu npu geicokoti memnepamype ne uzyuen. Ckopocms pocma 3epen onpeoeisem ux pasmepul 6
CManbHOM cliumke nepeo 2opsAdell KOGKOU, YmMO CYWeCmEeHHO GausAem Ha opmuposanue Muxpo-
cmpyxkmyput. Obpasysl, evipesannvle u3 nono2o caumxa cmanu 20MnS, nazpesanu 00 pasnuynvix
memnepamyp (850, 900, 950, 1000, 1050, 1100, 1150 u 1200°C) ¢ svidepoickoii 6 meuenue 1, 3, 5, 7,
9 u 11 u nepeo 3akankoii 6 6ode. I[lokaszano, umo pocm ayCMeHUmHbIX 3€pPeH 3A8UCUM OMm
memnepamypul u epemeHu 8vloepxucku. B unmepsane memnepamyp 850...1050°C ckopocms ux pocma
mana, npu memnepamypax 1050...1200°C ona snauumenvno ysenuuusaemcs. Ilocmpoena 08yx-
cmyneHuamas Mooeib pocma 3epeH Ok NPOSHOZUPOBAHU UX PA3Mepo8 NOcCie 6blOePIHCKU Npu
evicokoll memnepamype. IIpocnozupyemvle pazmepvl aycmeHUmHbIX 3epeH XOpouio CO2Nacylomes ¢
IKCNEPUMEHMANLHBIMU, YN0 NOOMEEPIAHCOAen HAOEHCHOCHIb MOOe.

Knruegwte cnosa: poct 3epHa, ctans 20MnS, Ban ruaporeHeparopa, pasmep 3epHa, CKO-
pocTh pocTa.

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.

20MnS5 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 20MnS5 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 shatft.

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.

Table 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

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

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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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 um at 850°C to 238.3 um 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 um at 1050°C to
893.64 um 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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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.

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 um,
respectively, which indicates the ability of 20Mn5 steel to resist grain coarsening is strong
below 1050°C.
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Fig. 3. The variation of grain size with heating temperature under different holding times.

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

u=Kexp[-0, /RT"](0/D), O]
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Fig. 4. The austenite grains at a heating temperature of 950°C: (a) 1 h; (b) 3 h; (¢) 5 h; (d) 7 h; (e) 9 h;
() 11 h.
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Fig. 5. The variation of grain size with holding time under different heating temperatures.
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where u is the growth rate of austenite grain, K is a constant, Q,, is the movement
activation energy of grain boundary, R is gas constant, T is absolute temperature, o 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 20MnS5 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.

kew|

kew|

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.

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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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" exp[— Qg /RT')], @)

where D is austenite grain size (um), ¢ is holding time (h), Q,, 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:

1nD=1nA+m’lnt—Qgg/(RT’). 3)

Based on the experimental data at 850, 900, 950, and 1000°C, the variation of In D
with In¢ at different temperatures (850, 900, 950, and 1000°C) is presented in Fig. 7.
Figure 8 shows the variation of In 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 O,, / 10000 and the intercept of the fitting line
equals In 4+m'Int. The values of Q,, and A can be obtained by taking the average
values of O,, and A at different holding times.
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Fig. 7. The variation of InD with Inz at different heating temperatures.

From the fitting results of Figs. 7 and 8, m'= 0.350483, Qg = 212630.4833 J/mol,
and 4 =183636-10'" can be obtained. Therefore, the austenite grain growth model at 850,
900, 950, and 1000°C can be given as follows:

D =183636-10"1 10350483 oxp[—2126304833/(RT")]. (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
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Fig. 8. The variation of InD with —10000/(RT") at different holding times.

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=—1311727+ 062646 {1.83636- 10" 1 *359483 oxp[—2126304833/(RT")]}—
—4.80738-1074{1.83636- 10! 1330483 exp[—2126304833/(RT")]}* +
+166241-1077 {183636- 10! 1 *330483 oxp[—2126304833/(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. 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 In D
with In¢ at different temperatures (1050, 1100, 1150, and 1200°C) is presented in Fig. 11.
Figure 12 shows the variation of In 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 O,, / 10000 and the intercept of the fitting line
equals In 4+ m'In¢. The values of O, and A can be obtained by taking the average
values of Q,, and A at different holding times.
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Fig. 11. The variation of InD with In¢ at different heating temperatures.
Fig. 12. The variation of InD with —10000/(RT") 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 =3525405¢ %2317 exp[—1059193/(RT")]. (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 =—25245733+2.58233{3525405: “%!7 exp[— 1059193/ (RT")]}—

—0.00329{3525405¢ 2317 exp[— 1059193/ (RT")]}> +
+188493-107% {3525405¢ *2°17 exp[—105919.3/(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. 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.

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):

CGS — MGS

MGS ’ (®)

AVRE =

where AVRE 1is the absolute value of relative error, CGS is the calculated grain size, and
MGS' is the measured grain size.

Table 2
Measured Grain Sizes (um) and Calculated Grain Sizes (xm)
on Different Heating Conditions

Ta
°C

lh

3h

5h

7h

9h

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

223

17.7

23.7

19.9

900

20.9

24.2

223

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

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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reble ibsolute Value of Relative Error (%) on Different Heating Conditions
T,°C lh 3h Sh 7h 9h 11 h
850 84.32 42.94 21.46 27.39 20.40 16.31
900 15.68 82.17 40.92 28.84 24.17 14.75
950 19.63 5.75 10.20 8.25 9.52 6.56
1000 1.10 25.08 4.44 2.51 1.09 1.23
1050 13.41 12.86 8.19 3.78 0.49 4.78
1100 3.79 2.83 4.59 3.47 10.21 8.98
1150 1.30 5.27 7.15 8.10 12.44 17.23
1200 4.40 9.16 8.20 4.78 1.28 3.46

Conclusions

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.

Pe3ome

Crans 20Mn5S mUpoOKO BUKOPUCTOBYETHCSI Y BUPOOHMIITBI BaJIiB TIOTY)KHOTO TiporeHepa-
TOpa 3aBAJKHA BHUCOKIM MIIIHOCTI, ITACTUYHOCTI Ta 3HOCOCTIMKOCTi. Jleski JOCIHiTHUKH
BimMivanm sBUINA NedOopMyBaHHS IMPH HArpiBaHHI 1 pekpucramizamii. Pict aycTeHiTHHX
3epeH y cTalli 32 BUCOKOI TemIepaTypy He BuBUaBcs. LIIBUIKICTH pOCTy 3epeH BH3HAYaE iX
PO3MIpH B CTIILHOMY 3JIUTKY TEpe] rapsiuuM KyBaHHSM, 10 CYTTEBO BIUIMBA€E Ha (HOpMY-
BaHHS MIKPOCTPYKTYpH. 3pa3Ku 3 TOPOKHUCTOro 37uTKa cram 20MnS HarpiBaim 10
pizaux temmeparyp (850, 900, 950, 1000, 1050, 1100, 1150 i 1200°C) i3 BUTPUMKOIO
nporsiroMm 1, 3, 5, 7, 9 ta 11 rogmu mepex 3akamoBaHHAM Yy Boxi. Ilokazano, mo picrt
AYCTEHITHUX 3€peH 3aJIeKUTh BiJ TeMIlepaTypd 1 Yacy BHTPUMKH. B iHTepBani Temrie-
patyp 850...1050°C mBuakicTh iX pocTy Mana, 3a Temieparyp 1050...1200°C Bona 3Ha4HO
30itpnIyeThCs. [100y10BaHO ABOCTYNEHEBY MOJEIH POCTY 3€PEH JUIA MMPOTHO3Y iX PO3MIpiB
MCIIA BUTPUMKH 3a BHCOKOI TemmepaTypu. I[IporHO30BaHI po3Mipu ayCTEHITHHX 3€peH
J00pe y3TOKYIOTECS 3 €KCIICPUMEHTAIBHUMHU, IO MiATBEPIKY€E HAMIHHICTH MOIETI.
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