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Morphology of low-carbon bainite in commercial-grade high-tensile-strength steels in both 
isothermal transformation and continuous cooling transformation is lathlike ferrite elongated in 
the (111)b direction. Based on carbide distribution, three types of bainites are classified: Type I, 
is carbide-free, Type II has fine carbide platelets lying between laths, and Type III has carbides 
parallel to a specific ferrite plane. At the initial stage of transformation, upper bainitic ferrite 
forms a subunit elongated in the [i01]r which is nearly parallel to the [11 lib direction with the 
cross section a parallelogram shape. Coalescence of the subunit yields the lathlike bainite with 
the [i01]f growth direction and the habit plane between (232)f and (111)f. Cementite particles 
precipitate on the sidewise growth tips of the Type II bainitic ferrite subunit. This results in the 
cementite platelet aligning parallel to a specific ferrite plane in the laths after coalescence. These 
morphologies of bainites are the same in various kinds of low-carbon high-strength steels. The 
lowest brittle-ductile transition temperature and the highest strength were obtained either by 
Type III bainite or bainite/martensite duplex structure because of the crack path limited by fine 
unit microstructure. It should also be noted that the tempered duplex structure has higher strength 
than the tempered martensite in the tempering temperature range between 200 ~ and 500 ~ 
In the case of controlled rolling, the accelerated cooling afterward produces a complex structure 
comprised of ferrite, cementite, and martensite as well as BI-type bainite. Type I bainite in this 
structure is refined by controlled rolling and plays a very important role in improving the strength 
and toughness of low-carbon steels. 

I. INTRODUCTION 

THE morphology of upper bainite is very similar to that 
of lath martensite elongated in a [i01]f direction with a 
habit plane between (1 11)f and (232)f.  11-6! A l t h o u g h  upper 
bainitic ferrite forms without partitioning the substitu- 
tional alloying elements, it contains much fewer carbon 
atoms than the austenite from which it forms. The car- 
bide particles in upper bainite are exclusively cementite, 
and alloy carbides have never been recognized. These 
facts show the possibilities that the upper bainite may 
form via a displacive mechanism as far as the substitu- 
tional elements are concerned though it may accompany 
the diffusion of interstitial elements, t3,5,7-14j 

The bainite of low-carbon steel always has lathlike 
ferrite. In this sense, all the bainites formed in low-carbon 
steels should be classified into upper bainite. But there 
exist three types of cementite morphologies: t31 Type I is 
carbide-free, Type II has the cementite particles in the 
shapes of layers between them, t151 and Type III has fine 
platelets lying parallel to a specific ferrite plane in the 
interior. The latter morphology of cementite is especially 
predominant in the bainite at relatively lower tempera- 
tures in the vicinity of Ms temperature and is often thought 
of  as evidence of lower bainite, t161 as depicted in Table I. 

The production of high-tensile-strength steel, on the 
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other hand, is performed by a continuous cooling pro- 
cess such as quenching, moderate accelerated cooling, 
and normalizing. The microstructure, therefore, is com- 
posed of a mixture of various kinds of transformation 
products such as martensite, bainite, and ferrite. Above 
all, the bainite plays an important role in obtaining strength 
and toughness. For example, the toughness of the trans- 
formation products is not always monotonically depen- 
dent on cooling rate. t~7] There is an optimum cooling rate 
for high toughness, and the microstructure to obtain the 
lowest brittle-ductile transition temperature was con- 
firmed to be bainite/martensite duplex structure. This is 
probably due to the refinement of the effective grain size 
by the bainite formation prior to that of martensite. It is 
also reasonable that the bainite has tempering character- 
istics different from those of martensite because of its 
different cementite precipitation behavior. 

In addition to the conventional heat treatment, the 
thermomechanical process, i.e., the combination of con- 
trolled rolling and accelerated cooling, has been widely 
adopted. The microstructures of the materials produced 
by these processes become very difficult to identify be- 
cause the microstructures are very fine and are com- 
prised of various transformation products. 

This paper will describe the microstructural aspects in 
some detail and will discuss the relationship between the 
morphology and properties of bainite in low-carbon high- 
strength steels. 

II. EXPERIMENTAL PROCEDURES 

A. Materials 

Materials were prepared by vacuum induction melting 
and hot rolled in the laboratory. Commercially produced 
continuous cast slab and hot-rolled plate were also used. 
Chemical compositions appear in Table II. 
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Table I. Morphology of Bainite 
in Isothermal Transformation 

Criteria 

Ferrite Carbide 
Phase Morphology Distribution 

Ferrite lathlike acicular ferrite 
(carbide-free) 

Upper bainite BI lath interface 
BII 
Bill 

Lower bainite platelike within grain 

B. Transformation Study 

The specimens machined to 1- to 2-ram thick were 
austenitized at 1150 ~ to 1200 ~ and isethermally 
transformed for various times in molten salt or lead in 
the bainite transformation range between 750 ~ and 
400 ~ After holding, they were quenched into iced brine 
to decompose the untransformed austenite into martens- 
ire. For continuous cooling, dilatometric measurements 
by Formaster F and Thermecmaster (Fuji Electronic 
Industrial Co., Tokyo, Japan) were carried out. Optical 
and electron microscopy were also performed. The 
continuous-cooling-transformation (CCT) diagram and 
the isothermal transformation diagram were drawn based 
on these data. 

C. Examination of Mechanical Properties 

The specimens with thicknesses of 7 to 25 mm were 
heated at 900 ~ to 1200 ~ for 15 minutes and cooled 
at various cooling rates. Cooling rates were controlled 
by the selection of quenchants such as iced brine, water, 
oil, and air. Isothermal heat treatment was also carried 
out to produce a fully bainite structure. Both the as- 
transformed and the tempered specimens were used for 
tensile and V-notch Charpy impact tests. Fractured sur- 
faces were examined by means of scanning electron mi- 
croscopy (SEM). 

The specimens produced by the accelerated cooling 
after the controlled rolling were prepared as follows. A 
150-mm-thick slab heated at 1100 ~ to 1150 ~ was 
roughly rolled to 70 mm, then control rolled to 19 mm 
in the temperature range between 780 ~ and 740 ~ 
and then air cooled or accelerated cooled at the cooling 
rates of 10 ~ to 20 ~ 

III. M O R P H O L O G Y  OF B A I N I T E  

A. Isothermal Transformation 

The time-temperature-transformation (TTT) diagram 
of Cu-Ni-Cr-Mo steel determined by metallographic ex- 
amination TM is shown in Figure 1. At the temperature 
below 600 ~ the bainite transformation occurs. The 
bainitic ferrite has lathlike morphology. Above 500 ~ 
the transformation was not completed within the time 
examined, and the bainite" is composed of bunches of 
ferrite lath with the untransformed austenite between them. 
Carbide could not be observed (Type I). Below 500 ~ 
the cementite layers were mainly formed at the ferrite 
lath interfaces by the decomposition of the carbon-enriched 
austenite, although a small amount of cementite platelet 
precipitated within ferrite grains aligned in a certain di- 
rection (Type III). The mode of cementite distribution 
looks very similar to lower bainite in high-carbon steels. 
Nevertheless, all these bainites of a low-carbon steel have 
the same -(111)b (1 10)b lathlike morphology. It seems 
reasonable to classify them as upper bainite, as the sep- 
aration between upper and lower bainite is defined by 
ferrite morphology. The width of lath changed with iso- 
thermal transformation temperature: [19] 2 /xm at 500 ~ 
1 /zm at 500 ~ and 0 .2 / zm at 425 ~ respectively. 

Figure 2 shows the optical microstructures in high 
magnification of a Si-Mn steel which was transformed 
isothermally. The lathlike bainitic ferrite can be seen 
clearly. At the early stage of transformation, cementite 
particles were not observed between laths. After a long 
time holding isothermally at 550 ~ the coalescence of 
lath and the pearlite transformation of the austenite 
between them occur. The change of lath width with 
temperature is consistent with a former report. [19j 

Transmission electron microscopy (TEM) for the par- 
tially transformed specimens revealed that an upper bainite 
lath consists of a number of small subunits similar to 
those observed within a massive structure.J9] An example 
of the subunits of Cr-Mo-B steel formed at 500 ~ is 
shown in Figure 3. In this case, the growth direction of 
the bainite laths (also that of the subunit) [2~ is normal to 
the micrograph (the [ l l l ]b  direction in Figure 3. The 
subunit/austenite (martensite) interphase boundaries can 
clearly be seen in Figure 3(a). The selected area electron 
diffraction pattern in Figure 3(b) comprises two sets of 
net pattems, the one from the upper bainite subunits and 
the other from the martensite islands formed by the de- 
composition of the untransformed austenites between the 
subunits. The close examination of the subunit shown 
in Figure 4 demonstrates that the subunit/austenite 

Table II. Chemical Compositions of Materials (Weight Percent) 

Sol. 
Steel C Si Mn P S Cu Ni Cr Mo V B Nb Ti AI N 

A 0.12 0.30 0.83 0.004 0.005 0.30 1 .11  0.53 0.49 0.03 - -  - -  - -  0.031 - -  
B 0.22 0.24 0.83 0.008 0.012 0.30 1.05 0.54 0.51 0.02 - -  - -  - -  0.029 - -  
C 0.20 0.30 0.97 0.010 0.005 - -  - -  1.37 0.59 - -  0.0010 - -  0.015 0.061 - -  
D 0.08 0.28 1.57 0.011 0.002 . . . .  0.07 - -  0.03 0.018 0.042 0.0038 
E 0.02 0.16 1.85 0.005 0.004 . . . . .  0.001l 0.05 0.019 0.029 0.0035 
F 0.03 0.37 1.70 0.005 0.004 . . . . .  0.0010 0.04 0.020 0.040 0.0020 
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interfaces consist of the ledges sharply edged in specific 
orientations. The stereographic analysis assuming that 
the Kurdjumov-Sachs relationships E2u hold between the 
prior'austenite and these two transformation products pro- 
vides a specific orientation of the parent austenite, as 
can be seen in Figure 5. The orientation relationships 
expected between the upper bainite subunits and the aus- 
tenite and between the martensites and the austenite are 

I 
(O11)b//(111)f {(011)mff(!l  1)f 

(l!l)bff(10_l) f and / ( l l l ) m f f ( l l 0 ) f  

(21 l)bff(121)f [,(21 i)mff(112)f 

respectively, where " f , "  "b,"  and "m" denote the aus- 
tenite, the bainite, and the martensite. The surface trace 
normals for the bainitic ferrite subunits, i.e., the one 
normal to the lath habit planes and the other normal to 
the lath edges, lie in the regions between the (121)f and 
the ( l l l ) f  and between the (101)f and the (212)f, re- 
spectively. Such trace analyses carried out for various 
orientations were always consistent with the results 
described above. 

Figure 6 demonstrates that cementite platelets precip- 
itate on these bainitic ferrite subunit untransformed aus- 

tenite (martensite) interphase boundaries. It is also of 
interest that the traces of lath edges and cementite plate- 
lets are almost parallel to those of the transformation twins 
in the martensite layers between the bainite laths. The 
coalescence of the subunits results in the upper bainite 
laths, as shown in Figure 7(a). It should, however, be 
pointed out that the cementite layers have not precipi- 
tated between the laths in this structure and that they 
form mostly at the final stage of transformation. The ce- 
mentite platelets in the lath interior, on the other hand, 
align on the planes of a specific orientation but in a slightly 
wavy fashion. The selected area electron diffraction pat- 
tern shown in Figure 7(b) indicates that the cementite 
platelets are related to the ferrite as in the previous stud- 
ies [22,231 and can be expressed as 

(010)c//(11 i)b 
(103)~#(011)b 

The trace analysis for the bainite laths and the ce- 
mentite platelets in the interior, by fixing the ferrite/ 
cementite orientation relationship to a specific variant of 
the Isaichev relationship described above, are summa- 
rized in Figure 8. It can be seen that the habit plane of 
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Fig. 2 - -Ba in i t i c  ferrite of 0.23C-0.25Si-1.86Mn steel austenitized at 1200 ~ and isothermally transformed. 

Fig. 3 - -Ba in i t e  laths consisting of  small subunits formed by the isothermal transformation at 500 ~ for 120 s of 0.20C-0.30Si-0.97Mn-1,37Cr- 
0.59Mo-0.0010B steel: (a) bright-field image and (b) selected area electron diffraction pattern. 

880--VOLUME 21A, APRIL 1990 METALLURGICAL TRANSACTIONS A 



Fig. 4 - -De ta i l ed  structure of  a subunit observed in Fig. 3. 
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Fig. 5 - - T h e  stereographic analysis of Fig. 3. 

the laths lies midway between the (111)f and the (252)f 
planes and that the cementite platelets exhibit the habit 
in the vicinity of  the (415)b--//(301)c, the latter being 
almost parallel to the trace normals for the edges of the 
bainite laths. 

B. Continuously Cooled Transformation 

Continuously cooled transformations such as quench- 
ing, normalizing, direct quenching, and accelerated 
cooling are apt to produce mixed structures. A nomen- 
clature of those microstructures has been proposed. [24[ 
However, the details of those structures are essentially 
the same as those of isothermal transformation products. 

Figure 9 shows a CCT diagram of Ni-Cr-Mo steel. 
Martensite, martensite and bainite, and bainite with 
martensite-austenite constituents were obtained depend- 
ing on cooling rate. In the vicinity of upper critical cool- 
ing rate, Bill-type bainite/martensite duplex structure was 
obtained. 

Fig. 6 - -  The cementite platelets formed at the subunit/austenite (mar- 
tensite) interphase boundaries. Isothermal transformation of 0.20C- 
0.30Si-0.97Mn-I.37Cr-0.59Mo-0.0010B steel at 475 ~ for 60 s. 

Figures 10 and 1 1 show CCT diagrams after hot de- 
formation for Si-Nb-V and ultralow C-Nb-Ti-B {251 steels. 
In the case of the Si-Nb-V steel, the primary ferrite 
transformation occurs at a much higher cooling rate. Hot 
working makes the microstructure finer, and the austen- 
ite grain boundaries were not clearly identified due to 
the primary ferrite formation. In the latter case, the bain- 
ite transformation occurs without primary ferrite at a higher 
cooling rate, and the deformed austenite grain boundary 
can be seen clearly. This is one of the characteristics of 
the bainite transformation without primary ferrite 
formation. 

Figure 12 shows the initial stage of bainite-lath for- 
mation of the ultralow-carbon steel cooled rapidly from 
1200 ~ The mode of bainite lath observed at higher 
magnification is quite the same morphology as that of 
the 0.2C-Si-Mn steel. 

Figure 13 shows the Bs and Ms temperatures measured 
in commercial-grade high-tensile-strength steels. The Bs 
temperatures which were measured in the regions with- 
out ferrite transformation are plotted, because Bs tem- 
perature goes down when ferrite transformation occurs. 
The relationship between Ms temperature and carbon 
content is consistent with the results by Pickering. U6j The 
carbon content dependency of Bs is much smaller than 
that of Ms. Even though carbon level is very low, Bs 
temperature increases slightly. This is probably due to 
the effect of the carbon partitioning that occurred at bain- 
ite nucleation. The addition of alloying elements is also 
attributed to the decrease of the Bs temperature. 

IV. M E C H A N I C A L  P R O P E R T I E S  

A. Heat-Treated Materials 

The Charpy impact properties were examined in re- 
lation to cooling. The brittle-ductile transition tempera- 
ture (FA'I'T) does not change monotonically with cooling 
rate, but there was an optimum cooling rate. [~71 This 
cooling rate was confirmed to be a lower cooling rate 
than the critical cooling of bainite transformation, the 
microstructure being martensite/bainite duplex structure. 
This relationship was confirmed to exist in both as- 
continuously cooled and tempered specimens. The FAT/" 
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Fig. 7--Typical BIII type upper bainite formed by the coalescence of the bainite subunits. 0.20C-0.30Si-0.97Mn-I.37Cr-0.59Mo-0.0010B steel 
isothermally transformed at 450 0(3 for 120 s. Cementite platelets can be seen within the lath-like ferrite grains: (a) bright-field image and (b) selected 
area electron diffraction pattern. 
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Fig. 8-~--Trace analysis for bainite laths and the cementite platelets 
within the laths by fixing the cementite/ferrite orientation relationship. 
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of the Bill  bainite is almost the same as that of  the du- 
plex structure. Based on the results of fracture surface 
examination, "the region consisting of brittle fracture 
planes of  which orientation differences are within 10 ~ 
from (100)b planes" was defined as a unit crack path. t26] 
Within this unit, a crack nucleates, propagates, and is 
arrested. It was experimentally confn'med that these units 
were well correlated to the Charpy impact transition tem- 
peratures. In the martensite/bainite duplex and the bain- 
ite structures, the unit crack paths were largely reduced. 

Fig. 9 - -CCT diagram and microstructures of 0.12C-0.30Si- 
0.83Mn-0.30Cu-I.llNi-0.53Cr-0.49Mo-0.03V steel austenitized at 
1200 ~ and continuously cooled. Cooling rates are (a) 23 ~ and 
(b) 3 ~ 
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Fig. 12--Bainitic femte of ultralow-carbon steel. 0.03C-0.37Si-1.7Mn- 
0.0010B-0.02Ti-0.04Nb-0.0020N steel austenitized at 1200 ~ and 
isothermally transformed at 630 ~ for 10 s. 

Fig. 10--Bainitic structures of 0.08C-0.28Si-l.57Mn-0.034Nb-0.07V- 
0.018Ti steel continuously cooled after hot deformation in austenite. 

Fig. l l - -Bain i t ic  structures of 0.02C-0.16Si-I.60Mn-0.017Ti- 
0.043Nb-0.0018B-0.0020N steel continuously cooled after hot defor- 
mation in austenite. 
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Fig. 1 3 - - B s  and Ms temperatures of commercial grade high-strength 
low-alloy steels measured by CCT. 

METALLURGICAL TRANSACTIONS A VOLUME 21A, APRIL 1990--883 



These results suggest that the role of bainite in the du- 
plex was the partitioning of an austenite grain into sev- 
eral parts prior to the martensite transformation, tlTJ the 
effective grain size for fracture being much finer. 
Figure 14 shows the variation of Charpy impact transi- 
tion temperature of the bainite, of bainite/martensite du- 
plex, and martensite structures with tempering 
temperature, tlsl The bainite/martensite duplex and the 
bainite structure exhibit much better toughness than the 
martensite. The 500 ~ (300 ~ temper embrittlement 
observed in the martensite is due to the cementite pre- 
cipitation along the austenite grain boundary and the re- 
distribution of impurities.[271 The materials used for this 
experiment have low P content and Mo addition. There- 
fore, reversible temper embrittlement could not be seen 
in the tempering range of 450 ~ to 600 ~ in a short- 
time tempering. The degradation of impact properties of 
martensite at 550 ~ to 600 ~ is thought to be due to 
alloy carbide precipitation such as VC and Mo2C. 
Figure 15 shows the variation of strength of these struc- 
tures with tempering. The strength of martensite de- 
creases gradually at the tempering temperatures higher 
than 200 ~ The bainite/martensite duplex structure also 
has similar behavior, but it is interesting to note that the 
duplex structure exhibits less strength drop than the mar- 
tensite structure, and the bainitic structure has little 
strength change below 500 ~ This is probably due to 
the cementite precipitation mode; i.e., bainite transforms 
at higher temperature with cementite precipitation com- 
pared with martensite. This strength change with tem- 
pering at 200 ~ to 500 ~ where the duplex structure 
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Fig. 14--Variation Charpy impact properties of martensite, bainite- 
martensite, and bainite with tempering temperature of 0.12C-0.30Si- 
0.83Mn-0.3Cu-1.11Ni-0.53Cr-0.49Mo-0.03V steel. 
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Fig. 15--Variation of tensile properties of martensite, bainite- 
martensite, and bainite with tempering temperature of 0.12C-0.30Si- 
0.83Mn-0.3Cu-1.11Ni-0.53Cr-0.49Mo-0.03V steel. 

has higher strength than the martensite, was more clearly 
seen in higher carbon steel, t281 

B. Mechanical Properties of Thermomechanically 
Treated Structures 

Figure 16 shows the mechanical properties of the 
control-rolled and accelerated-cooled Nb-V steel. With 
lowering the cooling stop temperature, the tensile strength 
increased, but yield strength exhibited a minimum value 
at about 250 ~ This minimum probably arose from the 
formation of martensite or bainite islands within the soft 
ferrite grains. On the other hand, the FATT does not 
show significant change. This is due to the fact that the 
unit crack path does not change. The microstructure in 
accelerated cooling has the mixture of ferrite, bainite, 
and martensite, as shown in Figures 17 and 18. The vol- 
ume fractions of bainite and martensite depend on the 
cooling stop temperature. The bainite mainly consists of 
BI type, and small amounts of BII and BIII can be seen. 
In the heat-treated case, BI bainite reduces toughness. 
In the accelerated specimens, however, the austenite grain 
is greatly refmed by thermomechanical rolling, and a very 
fine unit crack path can be obtained. 

70 

60 

50 

4o 

-50 

-lO0 

1 I00"C 

fnm 

Yield strength A C L C  

2~0 I I ~oo ,Jo ~oo &~ 2c 
Cooling stop temperature { 'C)  

Fig. 16--Mechanical properties of accelerated-cooled 0.08C- 
0.28Si-I.57Mn-0.07V-0.03Nb-0.018Ti steel. Cooling rate is 15 ~ 
to 30 ~ Microstructures of (a), (b), and (c) are shown in Fig. 17. 
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Fig. 18 - -  Ferrite and bainite of  accelerated-cooled 0.08C-0.28Si- 
1.57Mn-0.034Nb-0.07V-0.018Ti steel. Cooling stop temperature at 
360 ~ 

deformed austenite grain boundaries can be seen clearly. 
Therefore, ferrite formation plays an important role for 
toughness in this type of steel by making the unit crack 
path finer, t25j 

Fig. 17 - -  Microstructures of  controlled-rolled and accelerated-cooled 
0.08C-0.28Si-I.57Mn-0.034Nb-0.07V-0.018Ti steel. (a) As-rolled and 
(b) and (c) accelerated cooling with cooling stop temperature at 550 ~ 
and 360 ~ respectively. 

Even in an ultralow-carbon steel, high strength can be 
obtained when the microstructure consists mainly of 
bainite, as shown in Figure 19. In this case, boron in- 
creases hardenability in conjunction with alloying ele- 
ments such as Mn, Mo, Nb, and low N. The strength 
of air cooling and accelerated cooling is the same, but 
the toughness decreases in accelerated cooling. In air 
cooling, the prior austenite grain boundaries were dec- 
orated by a small amount of ferrite grains, but in accel- 
erated cooling, ferrite formation did not occur and 

V. DISCUSSION 

A. Mechanism of Bainite Transformation 

In the present study, it was confirmed that a bainitic 
ferrite lath consists of much finer subunits and the co- 
alescence of them yields the lathlike upper bainite, as 
anticipated for low-carbon lath martensite, t2~ These 
bainitic ferrite subunits are in the shape of the needles 
elongated in the [ i01]f- f f [Tl l ]b  direction and enclosed 
by rather sharp edges of the (232)f--ff(i54)b and the 
(3i3)f--ff(415)b planes. 

At the high temperature just below Bs, the diffusion 
of carbon in both bainitic ferrite and austenite is very 
rapid. Therefore, carbon diffuses to untransformed aus- 
tenite without cementite precipitation (Type I bainite). 
This carbon-enriched austenite will transform diffusion- 
ally to pearlite when carbon is in eutectic concentration. 
It will decompose into low-temperature transformation 
products such as Type II or III bainite and martensite on 
rapid cooling. 

In Type II and III bainite, cementite particles form as 
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Y.S .  T .S .  
Steel kgf/mm 2 kgf/mm 2 

(a) As ro l led  49.0 61.8 

(b) 39.5 62.0 Accelerated 
cooling 

E, I .  
% 

24.0 

20.8 

FATT 

C 

-92 

-40 

Fig. 19--Mechanical properties and microstructures of controlled- 
rolled and accelerated-cooled 0,02C-0.16Si-I.85Mn-0.05Nb-0,019Ti- 
0.001 lB-0.0035N steel. 

the layers between the laths as well as the fine platelets 
aligning parallel to a specific ferrite plane in the interior. 
The present study suggests that the latter configuration 
arises from the precipitation of cementite on the 
--(313)f--ff(415)b subunit edges which are the sidewise 
growth fronts. The coalescence of the subunits produces 
the structure where cementite platelets appear to precip- 
itate within the ferrite laths, t31 Such a situation can easily 
be imagined in the case of relatively low temperature 
transformation, where the rate of carbon diffusion in the 
austenite is slightly slower than that of the bainite growth 
because of carbon atom buildup. 

In Type II bainite, cementite particles precipitate at 
the final stage of transformation after the subunit co- 
alescence and form the layers between the ferrite laths 
where carbon atoms are sufficiently enriched, i.e., on 
the --(232)f--ff(154)b planes, leading to a typical so-called 
"upper bainite morphology." In both cases, cementite 
particles are thought to form at the austenite/ferrite inter- 
faces in contact with both phases, because they exhibit 
a specific variant of the Isaichev orientation relationship 
with the ferrite instead of the Bagaryatskii relation- 
ship. [291 This orientation relationship gives an extremely 
good fit on the (101)eft(112)b planes as far as iron atoms 
are concerned, t3~ If the ferrite is related to the parent 

austenite by the Kurdjumov-Sachs relationship, t21[ the 
cementite/austenite orientation relationship is much closer 
to that of Pitsch: ]31] 

(010)cff(i01)f 
(100)c#(~45)f 

in the Isaichev relationship than in the case of 
Bagaryatskii, implying that the cementite particles form 
at the austenite/ferrite interphase boundaries in contact 
with both phases.t22"231 This process of upper bainite for- 
mation is depicted in Figure 20. The cementite platelets 
precipitate at the subunit interfaces as in Figure 20(a), 
and the coalescence of the subunits yields the upper bainite 
where cementite particles form in the interior 
(Figure 20(b)). 

It is also interesting to note that the traces of trans- 
formation twins in the martensite formed by the decom- 
position of the untransformed austenite are almost parallel 
to the sidewise growth edges of the bainite subunits. This 
suggests that the side edge of the bainite subunits may 
be parallel to the lattice invariant shear planes in the bainite 
transformation. 

B. Brittle-Ductile Transition Temperature 

It has been generally understood that the brittle-ductile 
transition temperature (FATT) depends on the ferrite grain 

Sidewise 
growth 
d i rect ion 

~ ' ~ i ~ s ~ 1 ~ _ ~ . , - ~  ~" Cementite 
p la te le ts  

Bainite sub-units 

(a) 

Bainite lath 

(b) 

Fig. 20--Schematic illustration of BIII-type bainite formation: 
(a) cementite platelet nucleation and (b) coalescence of subunits, 
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size. It is often noted that the central portion of quenched 
thick plate has better toughness than the surface portion, 
even though the central region is cooled slower than the 
surface. This can be explained by the fact that Bill-type 
bainite or Bill  bainite/martensite duplex has better 
toughness than martensite. The relation between the aus- 
tenite grain size and the unit crack path is shown in 
Figure 21. At a certain austenite grain size, Bill-type 
bainite or duplex structure has a smaller unit crack path 
than martensite. When carbon level is relatively high, 
say 0.1 pct, BI bainite transformed in heat treatment de- 
teriorates the toughness, because its unit crack path is 
large and carbon-enriched austenite between them trans- 
forms to high-carbon martensite or austenite-martensite 
constituents. To improve the impact properties of Type I 
or Type II bainite, the austenite grain size has to be re- 
fined and the carbon content lowered. In the case of ac- 
celerated cooling after controlled rolling, the austenite 
grain size can be much reduced, and a good toughness 
can be obtained without loss of strength. With controlled 
rolling at relatively low temperature austenite regions, 
the unrecrystallized elongated austenite grain remains. 
The BI-type bainite transformed from such elongated 
austenite grains has fairly large unit crack paths. In this 
case, strength can be obtained, but FATT cannot be 
improved. [251 

VI. CONCLUSIONS 

The bainite transformations of low-carbon high-strength 
commercial steel in both isothermal holding and contin- 
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Fig. 21--Relation between austenite grain size (dr) and unit crack 
path (de) in 0.12C-0.30Si-0.83Mn-0.3Cu-I.11Ni-0.53Cr-0.49Mo- 
0.03V steel. 

uous cooling were studied. The mechanical properties of 
bainite-containing structures were examined. 

1. At the initial stage of transformation, upper 
bainitic ferrite forms as the subunits elongated in the 
[ i01]fff[ i i l ]b and enclosed by the surfaces com- 
prising the (232)f--ff(]54)b and the (313)f-ff415)b 
planes. 

2. Coalescence of the subunits yields the lathlike upper 
bainite with the [i01]f (232)f habit. 

3. Based on the appearance of cementite, the upper 
bainite is classified into three types: Type I is carbide- 
free ferrite; Type II is typical upper bainite with ce- 
mentite precipitation between laths; and Type 111 has 
cementite platelets aligned in the interior of bainitic 
ferrite laths. 

4. Cementite particles precipitate on the sidewise growth 
tips of the bainitic ferrite subunits, i .e. ,  on the 
(3i3)f--ff(415)b. This results in the cementite plate- 
lets aligned parallel to a specific ferrite plane in the 
laths after the coalescence. 

5. This morphology of bainite is essentially the same 
in lower carbon high-strength steels. 

6. In the specimens accelerated cooled after controlled 
rolling, the microstructure generally comprises mix- 
tures of various types of transformation structures. 

7. In the quenched and tempered specimens, Bill  bain- 
ite and BIII bainite/martensite duplex structure have 
better toughness than martensite. This is explained 
by fine unit crack paths. 

8. Bainite has less strength change than martensite on 
tempering, and it does not exhibit the 500 ~ temper 
embrittlement. 

9. Bill  bainite/martensite duplex structure has higher 
strength than martensite in tempering between 200 ~ 
and 500 ~ 

10. To improve the toughness of thermomechanically 
treated specimens, austenite grain refinement and a 
small amount of ferrite formation prior to bainite 
transformation are important. 
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