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ABSTRACT

The size of prior austenite grains and bainitic colonies of 20MnNiMo

(SA508C) steel (a reactor pressure vessel steel) after normal heat treatment is

measured and its controlling factors are discussed. Results show that low aluminium

content can induce serious mixed structure with fine and coarse grains in prior

austenite. Fast cooling rate can promote refinement of bainitic colonies. Further re-

finement of grains can be obtained by intercritical quenching.



INTRODUCTION

High strength and high toughness are very important for reactor pressure ves-

sel steels because of nuclear safety requirement* and their high toughness reserve

before irradiation is favourable. Mechanical properties of steel depend on its mi-

crostructure, and the refinement of grain size provides an effective route for their

improvement. With the refinement of grain structure not only yield strength in-

creases, but also brittle transition temperature is reduced. Therefore the structure

with fine grains is extremely advantageous to reactor pressure vessel steel. In this

paper the controlling factors of the refinement of grain structure in 20MnNiMo

steel are investigated. It is useful for the determination of parameters of its heat

treatment, the reasonable controll of its composition and the correct evaluation of its

quality.

1 EXPERIMENTAL METHOD

The composition of the used material is: 0. 19C, 0. 22Si, 1- 26Mn, 0. 75Ni,

0. 50Mo, 0. 009P, 0. 006S, 0. 012A1 and 0. 07Cu (mass fraction, %).

Specimens were heat-treated in vaccum, austenitization process was 880'C and

5 h or 930"C and 3 h,and cooling rate after heating was 70~480°C/min. Then the

size of prior austenitic grains and bainitic colonies was measured by means of quati-

tative metallography, and ferritic laths, island structure and particles of the second

phases were observed by means of TEM (transmitted electronmicroscope). The

heating temperature of intercritical heat treatment of specimens was 760—810°C ,

then they were quenched in water. Afterwards the amount of remained ferrite and

the average size of ferritic grains and martensitic colonies were measured. According

to the experimental results the controlling factors of the grain refinement are ana-

lyzed.

2 RESULTS AND DISCUSSION

2. 1 The size of prior austenitic grains

Austenitic grains grow with the increase of heating temperature. After heating

of 880 C and 5 h their average size is 23 /*m, and after heating of 930"C and 3 h it

increases to 40 (im. Their grain structure is heterogeneous, and a serious mixed

structure with fine and coarse grains appears (Fig. 1).



Fig. 1 Mixed structure with fine and coarse

grains

Fig- 2 Particles of aluminium nitride on

grain boundary

During growth of austenitic grains the boundary energy decreases, and it is

spontaneous thermodynamical process. The main mode of grain growth is migration

of grain boundary. The process of grain growth can be divided into two stages,

whose demarcation is the turning temperature. In the stage of low temperature the

grains grow slowly, and the main resistance to growth is the pinning effect of parti-

cles of the second phase on grain boundary. The relationship among the average di-

ameter of austenitic grains (D) , the average diameter (d) and volume fraction

( / ) of particles of the second phase is linear function, which is as follows [1]:

D = k X dlf = [z + 2 _ -N/3(Z + 2)/z]/<z + 1) X dlf
where k is proportional coefficient, Z is called as heterogeneous factor, which is the

ratio of diameter of matrix grains and growing grains. In the stage of high tempera-

ture nearly all particles of the second phase dissolve, and the pinning effect disa-

pears, so austenitic grains rapidly grow. Around the turning temperature, there is

no particle of the second phase on some grain boundaries, which are free from the

pinning effect and can migrate, and because of heterogeneous disssolution some par-

ticles can remain on other grain boundaries, where grains do not grow. So appears

mixed structure with fine and coarse grains. It leads to increase of Z value again,

and driving force for growth of the large grains also increases, then the large grains

further grow by merging small neighbouring grains. In this way large grains be-

come larger and larger, and the mixed structure becomes more serious. In the stage
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of low temperature Z value is equal to about 1.7, and k value of the above-men-

tioned formula is constant (0. 39~0. 46) [1]. In the stage of high temperature the

pinning effect is no longer the main resistance to grain growth, and the proportional

coefficient is reduced.

Because of lack of strong carbide forming elements in 20MnNiMo steel»all car-

bide particles disappear at normal austenitization temperature, and the main re-

mained second phase is aluminium nitride, which is product of deoxidation reaction

in steelmaking. It is verified by TEM observation. The shape of aluminium nitride

is like cuboid (Fig. 2 ) , and its amount is few because of low aluminium content.

The average diameter (d) of its particles depends on heating temperature (T> K)

and time {t, h) , the equation C2] is:

lg(rf/2) = - 5100/T + 2. 6 + lgf/3

the equation for solubility product of aluminium nitride [3] is:

lg[Al][N] = 0. 725 - 6180/T

From the aluminium and nitrogen content the volume fraction of aluminium

nitride can be determined. The average size of the prior austenitic grains and the

particles of nitride can be measured by experiment. So k values at 880°C and 93O°C

can be calculated and are equal to 0. 37 and 0. 30, respectively. They are less than

that determined by the pinning effect,which shows that the heating process belongs

to the stage of high temperature, and appearance of the mixed structure is ex-

plained.

Calculation shows that aluminium content (mass fraction) of 0.02% can

guarantee satisfactory grain size, if the fine particles of aluminium nitride are uni-

formly distributed in matrix. It has been proved by production. Another suggestion

is addition of a little niobium in steel, niobium can form stable carbide and the turn-

ing temperature can be raised. Moreover, it can hold back precipitation of molybde-

num.

2. 2 The size of bainitic colonies

Because of huge volume of reactor pressure vessel and limited hardenability of

20MnNiMo steel, it is impossible to get fast cooling rate in production, even if it is

quenched by water. Therefore only the microstructure of granular bainite after the

normal heat treatment can be obtained (Fig. 3). Observation shows that all speci-

mens possess the microstructure of granular bainitie except the specimens heated at

930°C and cooled in rate of 480°C/min,which contain some martensite. The matrix

of granular bainite is lathy bainitic ferrite, whose width is about 1 /im. There is is-
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land structure between the laths. Islands occupy about 20% volume, most of them

have microstructure of dislocation martensite, the rest is twin martensite or austen-

ite. The neighbouring laths form a colony, in a same colony laths are parallel each

to other, they have the same orientation, and between different colonies there is

larger angle difference. Every colony has obvious demarcation line from its neigh-

bouring colonies.
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Fig. 3 Microstructure of granular bainite Fig. 4 Relationship between colony size

and cooling rate

The size of bainitic colonies depends on two factors: the size of prior austenitic

grains, which is related with heating temperature,and the cooling rate after austeni-

tization (Fig. 4). The larger is the size of prior austenitic grain,the larger is the size

of bainitic colony. Increase of cooling rate accelerates the nucleation of colones, and

structure of colonies becomes finer. From Fig. 4 it can be seen that the range of

strong influence of cooling rate is located in about 100°C/min, and the size of

colonies becomes less sensible to cooling rate, if it is more than 200"C/min. This

range just the cooling rate, which may be realized in production of factory, so atten-

tion should be paid to the technology measures, by which the cooling rate can in-

crease. Observation shows that there is only one or two colonies in a smaller

austenitic grain, and a lager grain can contain many colonies. So the size of colonies

is fairly even, although the size of the prior austenitic grains is not.

The research of bainitic steels showed that their brittle fracture possesses the

morphology of quasi-cleavage, the size of cleavage facets is approximately equal to

that of bainitic colonies, and the strength and toughness of steels depend on the size
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of colonies, Hall-Petch equation is true for them '-*-'. So neither the size of prior

austenitic grains nor the width of ferrite laths is the effective grain size,and it is the

size of colonies. Therefore • it is proposed that the examination for the size of bainitic

colonies should be adopted as one of quality control standards instead of the tradi-

tional measurement for the size of the prior austenitic grains.

2. 3 Intercritical quenching
The further refinement of grains

and the further improvement of tough-

ness of steel are restricted by huge vol-

ume of reactor pressure vessel. Under

the condition of the traditional heat

treatment, it is difficult to obtain the

microstructure with very fine grains. It

can be realized by the intercritical

quenching, and the embrittlement at

low temperature can be improved [5]. At

heating temperature of intercritical

quenching, many fine remained ferrite

grains can be taken as particles of the

second phase and impede growth of austenitic grains. Moreover, jigsaw-like pattern

of grain boundary further increases its surface area (Fig. 5).

In the past investigations the microstructure before heating of intercritical

quenching is martensite, and it is different for SA508C steel, which has the original

microstructure of granular bainite. Observation shows that in this condition the

structure with very fine grains, whose size is only 2~4 /urn (Table. 1) , can be ob-

tained too, and there is difference in order of magnitude between the normal process

and the intercritical treatment. Compared with normal heat treatment, tensile

strength increases from 638 to 702 MPa, and area reduction does from 15% to

18% after intercritical quenching, it means that its static fracture energy is en-

hanced by about 40%.

Table 1 Ferrite amount and average grain size after intercritical quenching

Fig. 5 Fine grain structure after intercriti-

cal quenching

heating tern.

760

785

810

/V volume fraction of

26

20

4

ferrite/ % average grain

2-

3.

4.

8

6

5

size/ftm



3 CONCLUSIONS

3. 1 At high temperature many particles of aluminium nitride are solid-solutioned

into matrix, and a part of grain boundaries is free from the pinning effect, so low

aluminium content is the reason of the mixed structure with fine and coarse grains

in 20MnNiMo steel. 0. 02% of aluminium content (mass fraction) is sufficient for

getting fine grain structure.

3. 2 The size of bainitic colonies are controlled by the size of prior austenitic grains

and the cooling rate of quenching. The range of strong influence of cooling rate is

about 100'C/min, and the size of colonies is less sensible to it, if it is more than

200°C/min.

3. 3 By normal heat treatment the further refinement of grain structure is very

difficult. It can be obtained after intercritical quenching, its grain size is only 2 ~

4 fim, and its strength and toughness can increase.
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