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The CCT diagrams of a class of Fe-(0.1-0.6)C-(0.4-2.0)Si-(0.4-2.0)Mn-(0.5-2.0)Cr-(0.0-0.8) Mo
steels are predicted by an artificial neural network (ANN) model. The results indicate that
an increase in carbon concentration (C wt%) gives rise to a decrease in bainite start (BS)
temperature. The rate of decrease depends also on cooling rate. Additions of Si, Mn, Cr and
Mo all decrease the bainite start temperature. The dependencies for different alloying
elements vary: 32, 100-120, 100-130, and 70-150°C per wt% of Si, Mn, Cr and Mo,
respectively. Mn shifts the whole bainite transformation region to the far right-hand side of
the CCT diagram, while C, Cr, and Mo have considerable, and Si has minor effects on the
incubation period of bainite. Mn and Cr significantly decrease the MS temperature, while Si
only has a minor influence. When Mo < 0.5 wt% it has a minor influence, whilst when

Mo > 0.5 wt%, it increases MS temperature. Quasi-isochronal and quasi-isothermal
methods have been used to analyze the influence of the proportion of Mo to C upon the BS
and incubation period. Attempts, for qualitative explanations using the shear and diffusion
mechanism, as well as a certain amount of thermodynamic analysis, have been made to
interpret the influence of alloying elements on the nucleation of the bainite reaction. The
results support that bainite reaction takes place utilizing a diffusion-controlled mechanism.
© 2000 Kluwer Academic Publishers

1. Introduction continuous cooling transformation is difficult because
A study on bainite formation is attractive not only from of the complexity involved with non-isothermal nature
afundamental perspective but also because of its practi3, 4, 7]. An artificial neural network (ANN) is an ef-
cal importance, as bainitic steels are a series of promidicient tool to model a complex physical process [8].
ing steel materials. Thus, it is worthwhile to study the Unlike a physical model, the ANN model is a statistical
effect of different alloying elements on the bainite re-one that is usually based on a large amount of experi-
action under continuous cooling rather than isothermamental CCT diagrams and accordingly the predicted re-
conditions [1, 2]. However, it is by no means triv- sults are directly related to the practical situation. There
ial to derive the effects of alloying elements on theare some other statistical empirical models [9-11], yet
transformation kinetics of bainite formation from pub- most of them are based on a predefined linear influence
lished continuous cooling transformation (CCT) dia- of alloying elements on transformation temperatures.
grams directly, as few systematic studies on alloy deHowever, it is well known that the effects of a sin-
pendence over a sufficiently wide concentration rangele alloying element do not necessarily scale linearly
exist. Hence, it is necessary to condense the scatteslith its concentration. Now that nonlinear interactions
information from the multitude of CCT diagrams in a between two or more elements can play an important
consistent model. Two fundamentally different model-role, it is difficult for specific empirical models to fig-
ing methods exist: physical [1, 3—6] and statistical. It isure out various influences of alloying elements. Hence,
immediately clear that no proper physical model can bahe studies in this article are based on the CCT dia-
established unless the transformation mechanism hagams predicted by ANN [12]. The ANN CCT model
been completely understood. In addition, modeling dtselfis based upon the information contained in several
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atlases of experimental CCT diagrams. An ANN model ) R
is superior to the usual empirical statistical models in| 12 nodes 12 nodes 128 outputs
that it introduces such a complicated function to de{ At p

scribe the dependence of interphase boundary positif C; S Black

upon alloy element concentration that it proves itself| Si Mo Box Fs; Pe

an efficient mathematical solution to any physical pro- g'rn \B/ Bs; Ms
cess [13]. When such an ANN model for bainite forma-| cu:  Ni

tion under linear or natural cooling is available, it can

be used to examine and validate qualitative and sem — \——)
quantitative physical models for bainite formation. Input Hidden layer Output

The bainite reaction is one of the most interesting @
transformations in steels since it reassembles both the
high temperature diffusional decomposition products ferrite nose
(ferrite or pearlite), and the low temperature shear prod-
uct (martensite) [14]. This duality, in return, gives rise
to two different ideas on the mechanism of bainite reac-
tion. The firstis the shear or displacive mechanism [15],
that is, bainite is formed in a similar way to martensite.
What is different is that the bainite reaction may be
accompanied more or less by the redistribution of car- . (B) \
bon atoms between ferrite and austenitey) at the , ‘S\\_\@_
nucleation stage and after the transformation [16]. mar(tﬁ/llw)sne \ " Be
Another principal concept regarding the bainite re-
action is that the lattice of ferrite (b.c.c.) will be recon- )
structed by diffusion. The mobility of the/y inter- Time
face depends on the volume diffusion of carbon inside ()
aUStenltle [16]. A local the_rmOdynamlc equ”'b”um of Figure 1 (a) Schematic architecture of the ANN model (b) Conversion
carbon is reached on the interface boundary, while n@cheme of cCT diagrams.
partitioning of substitutional alloying elements takes
place throughout the transformation. Nevertheless, seg-

regation of substitutional alloying elements may hap+q yraining data. The weights determined after the iter-

pen within the transient zone ofthe bound_ary, and 9V tion for which the error in the test set s at its minimum
rise to the formation of a thin concentration spike iN2re used for the neural network model

front of the moving interface, i.e., the so-called no-
partition local equilibrium (NPLE) [17] rather than
paraequilibrium condition. In this article, the influence

of alloying elements on the nucleation of bainite will 2-2- Data processing _

lished basedon 151 CCT diagrams. 87 are selected from

a CCT diagram collection of a molybdenum steel com-

pany [19], and 64 from a collection of the VDEh [20].
2. Construction of ANN model and test alloys  The fact that most of the CCT diagrams incorporated
2.1. Artificial neural network (ANN) into this model have a deep bay to separate proeutec-
A wide variety of neural networks exist for various ap- toid ferrite and bainite transformations areas is helpful
plications. The type used for this research is the hifor this research. CCT diagrams need to be converted
erarchical feedforward ANN [12] that is widely used from a graphical into a numerical format. Several con-
for modeling. The network has twelve input parame-version schemes can be conceived [21]. The one used
ters (austenitizing temperature, concentrations of C, Sfor this model is an intercept method, in which a set
Mn, Cr, Cu, P, S, Mo, V, B, and Ni), one hidden layer of fixed cooling rate curves are drawn over the dia-
with 12 nodes, and 128 output parameters, which argram, as shown in Fig. 1b. The CCT diagram can be
specified in Section 2.2 of this article. The architecturereconstructed by using the coordinates of the intercepts
ofthe ANN used here is schematically shown in Fig. 1a.of these curves with the phase boundaries, which are
The training algorithm used is the momentum versiondetermined by a pair of parametefsandz. An ad-
of the backpropagation of error training rule [12] with a vantage of the intercept method above other methods is
maximum of 10000 iterations, a learning rate of 0.5 andhat the diagram can be represented by a relatively small
momentum termu set for each iteration as a function number of data. The choice of linear cooling curves as
of the residual standard deviation (RSD) of the train-test lines makes the model easily extendible with infor-
ing set. To prevent the network from overtraining, themation such as the hardness reached on cooling, and
data set is split into a training set containing 75% ofthe fraction of transformed material to be incorporated
the data and a validation set containing the remainingnto this model. For this ANN model, 32 cooling curves
25%. The training data have been selected using theith cooling rates ranging from 75C/s to 0.00:C/s
Kennard-Stone algorithm [18], which has been used tdvave been used to represent each CCT diagram. For
maximize the variance of the compositional domain ofeach cooling curve, its intercepts with the upper ferrite/

Temperature
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TABLE | Composition of the database used by current ANN model (wt%)

Alloying Elements C Si Mn P S Ni Cr Mo \%
Lower Limit 0.09 0.08 0.29 0.00 0.00 0 0 0 0
Upper Limit 142 1.62 1.98 0.044 0.054 4.56 2.29 1.02 0.31
Reliability Range 0.10-0.60 0.15-1.55 0.5-1.5 <0.04 <0.03 <0.24 <155 <0.52 <0.11

TABLE |l Composition list of all test alloys (wt%)

Code C Si Mn Cr Mo Code C Si Mn Cr Mo

Al 0.10 0.40 0.80 1.00 0.00 B8 0.40 0.50 1.00 0.50 0.40
A2 0.20 0.40 0.80 1.00 0.00 B9 0.40 0.50 1.00 1.50 0.40
A3 0.30 0.40 0.80 1.00 0.00 B10 0.40 0.50 1.00 2.00 0.40
A4 0.40 0.40 0.80 1.00 0.00 B1l 0.40 0.50 1.00 1.00 0.00
A5 0.50 0.40 0.80 1.00 0.00 B12 0.40 0.50 1.00 1.00 0.20
A6 0.60 0.40 0.80 1.00 0.00 B13 0.40 0.50 1.00 1.00 0.60
B1 0.40 0.50 1.00 1.00 0.40 B14 0.40 0.50 1.00 1.00 0.80
B2 0.40 1.00 1.00 1.00 0.40 B15 0.40 0.50 1.00 1.00 0.50
B3 0.40 1.50 1.00 1.00 0.40 B16 0.10 0.50 1.00 1.00 0.40
B4 0.40 2.00 1.00 1.00 0.40 B17 0.20 0.50 1.00 1.00 0.40
B5 0.40 0.50 0.50 1.00 0.40 B18 0.30 0.50 1.00 1.00 0.40
B6 0.40 0.50 1.50 1.00 0.40 B19 0.50 0.50 1.00 1.00 0.40
B7 0.40 0.50 2.00 1.00 0.40 B20 0.60 0.50 1.00 1.00 0.40

austenite boundary (FS), the lower pearlite/austenitéion and cooling rates. The C concentration of Class
boundary (PE), the upper bainite/austenite boundarA steels ranges from 0.10 to 0.60 wt%. The remaining
(BS), and the lower bainite/austenite boundary (BE). 19 are based on Base B, and are utilized to study the
As a result, there are totally 128 output parameters oinfluence of the alloying elements of Si, Mn, Cr, Mo,
the network which are the intercept temperatures of FSand C. The composition ranges of class B steels are
PE, BS, and BE with 32 predefined cooling curves. In0.10-0.60C, 0.50-2.00Si, 0.50-2.00Mn, 0.50-2.00Cr,
this article, we only consider the bainite transformationand 0.00-0.80Mo wt%. The compositions of both Class
area, which is generally associated with the BS and M®\ and Class B alloys mentioned above are listed in
temperatures. Table 1l. Note that the alloying elements chosen here
are typical representatives of commonly used alloying
elements in low alloy steels. According to their spe-
2.3. Test alloys cial properties, they are classified as carbide formers:
The composition ranges of alloying elements for theMn, Cr and Mo; non-carbide former: Si; ferrite stabiliz-
collected CCT diagrams are vitally important since theyers: Mo and Si; austenite stabilizer: Mn; again austenite
determine the validity and reliability of the ANN model. stabilizer: Cr (depending on its concentration). These
The upper and lower concentration limits of the rele-chemical properties of these alloying elements will be
vant elements involved in this ANN model are given in hoticed in the discussion. The austenitizing tempera-
Table I. The reliability of the ANN model is affected ture of steels Class A, i.e., Al through A6, is 1060
not only by the concentration range of a specific al-and that of Class B, B1 through B20, is 9&D It should
loying element, but also by the frequency distributionbe pointed out that a further examination has indicated
of the CCT diagrams in the multi-dimensional concen-that austenitizing temperature has minor influence on
tration space. The reliable ranges of the alloy elementte shape and position of the CCT diagrams [21] prob-
are also listed in Table I. More details on the concentraably because most of the steels have only one CCT
tion distribution frequency of this database have beerliagram that was measured at a certain austenitizing
described elsewhere [21]. temperature.
In this article, two base alloys are selected. One is
Fe-0.4C-0.4Si-0.8Mn-1.0Cr (Base A or A4), and an-3. Results and discussion
otheris Fe-0.4C-0.5Si-1.0Mn-1.0Cr-0.4Mo (Base B or3.1. Influence of C and Coo”ng rates on
B1). Starting from these base alloys, the effect of al- bainite reaction

loying elements can be studied by increasing the config. 2a shows the bainite transformation regions of CCT
centration of selected elements. In total, 26 alloys haveliagrams of Class A steels with the carbon concen-
been studied. Amongst them, 5 were derived from Basgation changing between 0.10 and 0.60 wt%. In this
A, and are used to study the influence of C concentramodel, for numerical reasons, the BS temperature line
has been artificially extended to very low cooling rates
parallel to the time axis and to very high cooling rates

* Note that we define the BS temperature as the upper bainite/austenitgmng the MS line. Therefore. the predicted bainite reac-
boundary. Itis different from the conventional definition of Bs. Clearl } '

inFig. 1b, the maximum BS equals to the conventional Bs. Additionally, tion reglon atthe lower and hlgher Coo,“”g rate_s should
the left part BE is extended along Ms temperature so that it equals t(be d|sregardeq- and only that at medium-cooling rates
Ms under fast cooling conditions. will be dealt with.
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Figure 2 Influence of C and cooling rate in steels of Class A (a) BS versus time; (b) BS versus C concentration; (c) BS versus cooling rate;
(d) comparison with thermodynamic calculation (number after T denoting driving force in J/mol); (e) critical driving force.

It is clear in Fig. 2a that the lines of the bainite tained austenite. Thus, the prebainite decomposition of
start temperature are not C-shaped but hump-shapedustenite will retard the bainite reaction. Fig. 2a also
This should be attributed to the pre-bainite, namelyindicates that if the carbon concentration of the steel
ferrite or pearlite reaction. The volume diffusion con- is more than 0.3 wt%, the pre-bainite reactions have a
trolled prebainite reactions are always accompanieaveak influence on the bainite reaction. This is because
by an increase of the carbon concentration in the rethe increase in carbon concentration would give rise
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to the decrease in the amount of ferrite formed beforedo existin b.c.c. ferrite. The results are plotted in Fig. 2d.
bainite reaction. Correspondingly, the influence of theltis clear that the transformation of austenite into ferrite
degree of ferrite reaction on the bainite reaction will ofthe same composition has a smaller driving force than
decrease. Actually, by comparing the hump positionither that into equilibrium ferrite or that into marten-
in Fig. 2a with the ferrite start temperature lines [22], site does [25]. One more line in Fig. 2d represents the
we see that the peaks appear at the cooling rates corrdependence ofp on C concentration. The slope of BS
sponding to the ferrite noses. is quite different from the slope of tig line, and based
Fig. 2a also illustrates that carbon tends to shifton these data it seems unlikely that the conditions re-
slightly the phase boundary of bainite and austenitdated to Ty are related to those for bainite formation.
towards the right side. This means that the addition ofAlternately, theTy does not define an upper tempera-
carbon will considerably prolong the incubation periodture limit of BS for bainite reaction. Fig. 2d implies that
of bainite reaction. Meanwhile, the BS lines will be sig- BS tends to cros§ at the high level of C concentration.
nificantly moved by C towards the bottom of Fig. 2a. As This was also observed in the Fe-C alloy [23].
shown more clearly in Fig. 2b, where the carbon con- Now, we focus on the qualitative and physical un-
centration is chosen as thxeaxis, the decrease of BS derstanding of the influence of C concentration on the
temperature is inversely proportional to the increase obainite reaction. The influence of C on the nucleation
carbon concentration. This is understandable accordkinetics of bainite can be viewed in two ways. First,
ing to the lattice reconstruction transformation modelbased on the shear model [15, 16], the onset of the bai-
since the more carbon in the austenite, the smaller theite reaction is governed by the critical driving force,
carbon concentration gradient inside the austenite graine. the Gibbs energy decrease of the closed system due
in front of the transformation interface, or according toto the formation of martensitic ferrite from austenite.
the shear mechanism because increase in carbon cofihe effect of carbon can be well explained utilizing the
centration gives rise to a decrease in the Gibbs energghear mechanism. It is evident that increase in carbon
difference between bainite and austenite. concentration gives rises to a decrease in the free energy
In addition to the C concentration, the cooling ratedifference between ferrite and austenite, i.e., the driv-
exerts a strong influence on the bainite reaction, and thimg force for nucleation of bainite. Kaufman and Cohen
two effects are coupled too. The effect of cooling rate o{26] proposed that the nucleation of martensite in steels
BSisevidentin Fig. 2aand b, and clearerin Fig. 2c. Thdas heterogeneous. If bainite utilizes the similar nucle-
decrease rates vary from 255, 360, to @Z¢er wt%  ation mechanism, the rate of nucleation is controlled
carbon at cooling rates of 0.51, 2.2 andQ1s, respec- entirely by interfacial motion that is further determined
tively. Fig. 2c further indicates that, in medium and highby the activation energy for the formation and ther-
carbon steels, if the cooling rate is belo?Cls, BSis  mally activated motion of transformation dislocations
more or less independent of the cooling rates. Abovg27]. In this case, the BS boundary will be physically
1°C/s, however, an increased cooling rate will decreaseelated only to the Gibbs energy decrease. Supposing
the BS temperature. A wider comparison [22] indicateghere is no carbon diffusion at the nucleation stage of
that the cooling rate has a similar influence on bainitebainite reaction, in other words, the composition of the
and ferrite reactions. The difference is that in the caséainitic ferrite nucleus has the same chemical compo-
of ferrite reaction, the critical cooling rate is 0Q/s  sition as that of the nominal composition of the alloy
while that for bainite is 1C/s. This immediately in- (or the average composition of austenite), the critical
dicates that the bainite reaction is probably associatedriving force for athermal nucleation of bainite was
with thermally activated processes. If the activation en-calculated and presented in Fig. 2e. It indicates that the
ergy is sensitive to alloy composition, the nucleation ofcritical driving force for bainite nucleation under above
bainite is bound to be controlled by diffusion. It is then assumption is within the range of 150 and 400 J/mol,
more likely that the effect arises from the diffusion of and depends somewhat on the carbon concentration of
carbon atoms rather than that of substitutional soluteghe alloys. For comparison, the critical driving force for
More details of the influence of alloying elements onathermal nucleation of martensite is also plotted against
the nucleation of bainite reaction will be explained later.C concentration in Fig. 2e. It is clear that the latter is
We will now try and link the predictions of the ANN about 5 times larger than the former. Note that the de-
modelto physical models. Following earlier predictionspendencies of the critical driving forces for bainite and
on MS temperature [23], it is acceptable to define themartensite reactions on carbon concentration are differ-
critical driving force for athermal heterogeneous nucle-ent. In the case of martensite transformation, the critical
ation as 1500 to 2000 J/mol, but that during growth itdriving force decreases first, then rises with increasing
may be as small as 600 J/mol [24]. The critical temper-carbon concentration, yetin the case of bainite reaction,
atures corresponding to various critical driving forces,it decreases.
the free energy difference between austenite and ferrite Back to Fig. 2d, we also see that the critical driving
of the same composition [25], have been theoreticallyforce for bainite is too small for shear (requiring around
calculated. The free energy difference was calculate@00 J/mol) to proceed. One could suppose that in addi-
using MTDATA, commercial thermodynamics soft- tion to interface motion activation, a certain degree of
ware package. The Gibbs energy was calculated assurdiffusion activation might be involved in bainite nucle-
ing that there is only one phase, either f.c.c. austenite aation stage, which is normally associated with the vol-
b.c.c. ferrite (without tetragonality and ordering of car- ume diffusion or redistribution of carbon atoms since
bon), present. For simplicity, no miscibility is assumedredistribution of substitutional atoms seems impossible

4397



at the temperature of bainite reaction. This means thi 600
composition of the bainite nucleus is different from
that of the nominal composition of the austenite. In this
case, the nucleation driving for such a thermal activatec

. L 7" 500 A
nucleation process is different from those calculated ir
Fig. 2d, and can be determined with the Hillert method L [
[28]. The evaluation of the diffusion-activated nucle- ,
ation of bainite will be discussed elsewhere. It should5400 | 5 g1g

be pointed out that if neither prebainite transformation® -=-B17
occurs nor spinondal decomposition of austenite take | —-B18
place (this has been proven to be thermodynamically mg L T
impossible), the growth of such a bainitic nucleus would ~-B19
be inevitably controlled again by carbon diffusion, and | B2
this is in contradiction with the basic principle of the (@
shear theory 200 il PR RTIT ] A1 22111l IEERETIT S L0000
An alternative interpretation of bainite nucleation is 1 10 100 1000 10000 100000
based onthe local equilibrium concept, inwhich the car- Time, s
bon concentration gradient is the effective driving force o0
for bainite growth. Decrease in the driving force will
definitely increase the time needed for carbon atom:
to diffuse away from the interface, and in other words,
inevitably decrease the kinetics of bainite growth [29].
The consistency of predicted results mentioned abow:
with the diffusion controlled-mechanism is straightfor-
ward and thus not necessary to be extended in thi°m.400 s o+ 7.5°C/s
article. @ —-1.3°C/s
In addition to Class A steels, the influence of C on - —+-0.13°C/s
bainite reaction has also been examined for the Clas —-0.022°C/s
B steels, which contains 0.40 wt% Mo leading to agap 3%
separating the bainite reaction region from that of ferrite
ina CCT diagram. Fig. 3a presents the austenite/bainit
boundaries for the Class B alloys with differentcarbon 500 Lo o o . o . o . , . . |
concentrations. Compared with Fig. 2a, it is evident 0 01 02 03 04 05 06 07
that the incubation time is increased while transforma- C, wt%
tion temperature decreased. Also, the boundary lines
lose the hump-shaped characteristics since Mo tremer
dously retards the prebainite reactions [22]. The influ-
ence of C concentration is further shown in Fig. 3b.
Apparently, C reduces the BS temperature. The deper so0 |
dence depends on cooling rates, as illustrated in Fig. 3¢
If the cooling rate is below 0.2&/s, the BS seems to
be independent of cooling rate. If the cooling rate iso
above 1.3C/s, the BS decreases with increasing cool—ﬂu::“1r00 I
ing rate. This means that there is a critical cooling rate
of between 0.13 and 1°@/s, below which the reaction
under continuous cooling is more or less the same a 4, |
that under the isothermal cooling conditions.

(b)

500 |

(c)

200 L o ‘ - :
3.2. Influence of Si on bainite reaction 1000 100 10 1 0.1 0.01  0.001

Fig. 4a shows the influence of silicon on the transfor- Cooling rate, °C/s

mation kinetics of the bainite reaction. The statistical

analysis clearly indicates that an increase in Si givesigure 3 Influence of C on bainite start temperature in Class B steels
rise to a decrease of the BS temperature. Ina WOI’d, S:rl) BS versus time; (b) BS versus C concentration; (c) BS versus cooling
is found to retard slightly the bainite reaction. The quan-2

titative influence of Si on the BS temperature is givenl wt% silicon. It is apparent that the effect of Si on BS
in Fig. 4b, where BS is plotted versus the Si concentrais only a tenth of that of carbon.

tion. Five curves in Fig. 4b correspond to cooling rates Understanding the influence of Si on the bainite re-
of5.1, 3.3,1.3,0.33, 0.028/s. Except the lowest and action is difficult [30] but rather important. If bainite
highest cooling rates of 0.013 and 8Q/s, the slopes forms by means of shear, no diffusion, partitioning, or
of the curves are approximately the same, k683.3,  segregation of Si atoms would take place in the course
—32.6 and—32.5, with an average of 32480.3°C per  of bainite reaction. Thus, its growth kinetics depends
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in Fig. 4c have a positive slope, indicating that Si is
expected to accelerate bainite reaction. This is in con-
tradiction with the predicted results.

The left-hand sides of the bainite austenite bound-
ariesin Fig. 4a actually represent the MS temperature of
the steels. Compared with the critical driving force for
heterogeneous nucleation, either by the Kaufman and
Cohen model [26] or by the Olson and Cohen model
[31, 32], the driving force decrease due to an increase
of Si is too small to cause considerable change in MS
temperature, and thus it is expected and apparently ev-
ident in Fig. 4a that Si has a minor influence on MS, as
is indeed observed [33].

Now let us try to find the explanation from the diffu-
sion mechanism theory. According to a microstructural
definition, bainite is defined as the non-lamellar eutec-
toid decomposition product of austenite [16]. There-
fore, the influence of the alloying elements on bainite
reaction may be examined from two aspects: the in-
fluence of alloying elements on the formation of the
bainitic ferrite, and the influence of alloying elements
on the formation of bainitic carbide [34]. The normal
carbide composing the bainitic structure in low alloy
steels is cementite. If the growth kinetics of bainite is
dominated by the ferrite component, as a typical non-
carbide forming element, silicon itself does not change
the true paraequilibrium state of thg¢y boundary [35],
and accordingly is expected to have minor influence on
the overall growth kinetics of bainite reaction. Consid-
ering the influence of Si on the activity of C, we might
come to the same but apparently wrong conclusion. If
the bainite reaction kinetics were affected more or less
by the precipitation of carbide, however, silicon would
possibly decrease the growth rate of bainite since Si is
relatively insoluble in cementite. This means that the
redistribution of Si is expected prior to the formation
of bainitic cementite. The fact that, at the temperature
of bainite reaction, the redistribution of substitutional
alloying elements appears very difficult implies that
the rejection of Si from growing cementite is bound
to form a kinetic barrier to their further growth [36].
Nevertheless, it seems safer to assume that the over-
all kinetics of bainite be controlled by that of ferrite,
at least for the low, medium carbon steels mostly in-
volved in this article. Actually, the effect of Si on bai-
nite reaction may be well understood by taking the non
partitioning, local equilibrium model. Although Si is
not a carbide-forming element, the experimental alloys
contain other carbide forming elements, i.e., Mn, Cr,
Mo, etc. Si was reported to strengthen the solute drag-
like effect of these elements [37]. As a whole, Siwould
decrease the overall reaction kinetics of bainite. Note
that this article concentrates mainly on the apparent

Figure 4 Influence of Si on bainite start temperature (a) BS versusinfluence of single aIoning elements on the bainite re-

time; (b) BS versus Si concentration; (c) compared with thermodynamic,

calculation by assuming different critical driving forces.

action. Itis clear that the influence of different alloying
elements can not be separated from each other, and it

largely on the free energy difference between ferritemay well arise from the interactions between two or
and austenite. Si is a weak ferrite stabilizer. It will de- more of them. The influence of the interaction of al-
crease the free energy of ferrite, and thus increase thieying elements on bainite reactions will be discussed
driving force for bainite reaction. The dependence ofelsewhere.

the free energy difference on Siconcentrationisimplic- It is worthwhile to point out that, unlike the
itly shown in Fig. 4c. Apparently, all calculated lines shared ledgewise growth mechanism utilized in pearlite
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transformation [38, 39], bainite is formed by means of 600
competitive ledgewise mechanism [29]. In this case, if
the growth of one component of bainitic structure is
retarded, the other component can still keep growing
This does happen in the high Si containing steels, ir
that it is well known that bainite may be formed free
of carbide [40], and be composed only of subunits of°_
bainitic ferrite [41]. @ 400

500

3.3. Influence of Mn on bainite reaction 8o

Manganese is one of the most common chemical ele
ments in steels. Only when its concentration is above

=+—B5

(@)

0.5wt% is it regarded as an alloying element. Fig. 5ais 200

part of the CCT diagram containing the bainite trans- 1

formation region. Compared to Si, Mn has a significant
influence on the bainite reaction. As shown in Fig. 5a, 600
the addition of 0.5 wt% Mn would lead to a decrease

of about 50C in bainite start temperature. The BS is
plotted versus Mn concentration in Fig. 5b. Both Fig. 5a

and b show that, the bainite formation kinetics would 590
be slowed down by increasing Mn concentration. From

Fig. 5b, we see that the decrease rate of BS is approxo
imately 110C per weight percent Mn at cooling rates £400
ranging from 5.1 to 0.0XZ. Compared to Fig. 4b, the
influence of Mn on BS is ca. 3 times as strong as thal

of Si. It should be noted that Mn not only decreases the

BS temperature but also shifts the whole bainite trans- 300
formation region to the right-hand side of the CCT di-
agram. That is, one of the most important roles of Mn
is to increase the incubation period of bainite reaction
[30]. From Fig. 5a, we see that if Mn concentration
reaches 2 wt%, the incubation period of bainite reac-
tion increases to more than 1000 s. This means that in

200

practice probably only a small amount of bainite will 790
be obtained.
Similar to Fig. 4c, Fig. 5¢ presents transformation 600
lines corresponding to specific driving forces. The BS
line lies well below T600 line in the high Mn concen- o
tration region but approximately coincides with T600 %5 500
in the low Mn concentration region. Again, no appar- 5
ent dependence of BS upon the driving force of Gibbs §
energy decrease has been implied in Fig. 5c. £ 400
Concerning the influence of Mn on the incubation pe- <

riod, it could be attributed to the influence of Mn on the

free energy of austenite. As a strong austenite stabilizer 300

Mn decreases the free energy difference between ferrite

and austenite. The decrease in Gibbs energy differenc

inevitably prolongs the incubation period. 200
According to the diffusion controlled ledgewise

mechanism, the growth kinetics of bainite is aninterface

migration controlled process. The interface itselfisina

local equilibrium state throughout the bainite transfor-_

mation. The migration of the transformation frontier

interface is further determined by a flattening of the

carbon concentration peak accompanying the interface.

The peak could be flattened in two ways. Firstis the dif-fusivity of carbon in austenite. As a medium carbide-
fusion of carbon away from the interface towards theforming element, Mn will decrease the diffusivity of C
austenite matrix, and the second is the formation of carin austenite and thus, slow down the growth kinetics
bide near the interface. Considering the first situationpf bainitic ferrite. The fact is that the influence of Mn
the influence of alloying elements on bainite growthon the diffusivity of C in austenite could not give rise
kinetic might partially be attributed to that on the dif- to the strong dependence of BS on Mn concentration.
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Figure 5 Influence of Mn on bainite start temperature (a) BS versus
time; (b) BS versus Mn concentration; (c) compared with thermodynamic
calculation.



Alternatively, the influence of Mn on BS could be at- 600
tributed to the solute drag-like effect. It is immediately
evident that the effect of the alloy elements would be
rather small if bainite could grow under paraequilib-
rium conditions. Nevertheless, the interface of ferrite
and austenite is supposed to be under local equilib
rium with a spike of alloying elements in front of the o
transformation interface. In this case, the interface turn: 4 400
from true paraequilibriuminto NPLE if the width of the “
spike, defined byD /v is less than atomic dimensions.
The transition from paraequilibrium to NPLE will be
favored because the mobility of iron or alloy elements
inside the interface is higher than in the lattice. The
effect of a spike inside the interface depends upon the
structure of the interface. In the case of a bainite re- ,q,
action, the interface is locally ledged and incoherent.

The interface migrates by means of individual jumps

of atoms across the interface. There should always be
enough time for some diffusion of iron and substitu-
tional alloy elements relative to each other within the
incoherent interface and the spike can develop there

In the case of martensite transformation, the interface 500
is more coherent, thus the diffusivity inside the inter-
face should be lower and the spike may not develop as
well [35]. The effect may be stronger inside the inter- €
face by attraction between a carbide-forming elementg
and carbon [42]. This is the very situation for Mn. Mn

is a carbide-forming element. The segregation of Mn
within the incoherent interface will decrease the activ- 30
ity of C within the interface and the interface itself, and

the first one will decrease the driving force for volume
diffusion controlled growth kinetics.

500

300

400

200

3.4. Influence of Cr on bainite reaction
Relative to Mn, Cr is a strong carbide-forming element.  7gg
Therefore, it is supposed to have a large influence or

the formation of bainite. Davenport and Bain were the

first to report the strong influence Cr on bainite reaction 600
[43]. The study of the bainite reactionin a pure Fe-C-Cr

alloy was made in details by Goldenstein and Aaronsor(J
[44]. Unlike the aforementioned, the alloys used in this ©_500
study contain much more other alloying elements andg
yet the influence of Cr mentioned later may actually £
arise from the interaction of all the alloying elements. g 400
This is shown in Fig. 6a. Similarto Mn, Crwilldecrease &

the BS temperature and increase the incubation perio

of bainite reaction. The decrease rate are calculated t 300
be 92 to 133C for 1 wt% Cr when the cooling rate is

within 5.1t0 0.13C/s. From Fig. 6b, we further see that
although the decrease rate of BS is dependent on cooin 200
rate, the linear relationship fits all the curves. It should

be pointed out that, though Cr also shifts the bainite
region to the right-hand side of a CCT diagram, the

- B8 (a)
L o-B 1
B9
L --B 10
1 10 100 1000 10000
Time, s
(b)
+51°C/s
- = 1.3°C/s
4 0.13°C/s
o00.013 °C/s
0.0 0.5 1.0 1.5 2.0 2.5
Cr, wt%
o 0.013°C/s ——T2000 (c)
— - T1500 - - - T600

0.0 0.5 1.0 1.5 2.0 25
Cr, wt%

Figure 6 Influence of Cr on bainite start temperature (a) BS versus time;

shift distance due to Cris much smaller than that ariSingb) BS versus Cr concentration; (c) compared with thermodynamic cal-

from Mn. From Fig. 6a, we know that the position of the culation
bainite nose may shift from 20 s to 100 s by increasing

the Cr concentration from 0.5 to 2.0 wt%. In the casethe lines for specific driving forces are approximately

of Mn, this shift is from 20 to 1000 s. parallel to the x-axis. In contrast to these thermodynam-
Fig. 6¢ shows the influence of Cr on the Gibbs en-ically calculated lines, the BS predicted here is signifi-

ergy difference between ferrite and austenite. For theantly decreased by increasing Cr concentration.

Cr concentration involved in this paper, Cr plays arole Evidently, the influence of Cr on the BS is similar

of a weak austenite stabilizer. As illustrated in Fig. 6¢,to that of Mn, and could be well explained with solute
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drag-like effect [44]. The difference between the in-3.5. Influence of Mo on bainite reaction

fluences of Cr and Mn upon the incubation period ofMo is the common alloying element used in bainitic
bainite reaction may be attributed to their influence onsteels. Based on the study of the ternary Fe-C-Mo
the Gibbs energy difference. In other words, both thesystem, Reynoldset al. [45], found that the incom-
Gibbs energy decrease and the solute-drag effect playlete character of bainite depends on the combination
an important role in determining the overall kinetics of of C and Mo. The time of transformation stasis in-

bainite reaction. creased with the proportion of C and Mo. Regarding the

600 600
=B 11 (a) ¢51°Cls =13°Cls (b)
20.13°C/s ©0.013°Cls
500
500 }
)
‘o 1
@ 400 o
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200 'l Ad Al L) il A b b i il 1. Al d aiill 300 1 AL n 1 ' 8 A 1 s 1 1 Il 1 A L
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- - - T1500 - - - T600 -0-450°C
©
& 500 1000
S
§ »
] o
3 400 £
2 I =
100
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Figure 7 Influence of Mo on bainite start temperature (a) BS versus time; (b) BS versus Mo concentration; (c) compared with thermodynamic
calculation, (d) and (e) quasi-isothermal or quasi-isochronal influence of Mo/C proportion.
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multicomponent system, it was predicted earlier [46] bycurve of bainite reaction, and that of 10000 s falls in
a separate ANN model based only on the 64 CCT difull coincidence with the upper limit of BS temperature.
agrams from a collection of Vanitec [20] that the end The remaining intermediate lines lie in the transient re-
of the bainite formation varies very strongly with the gion between the start and stable parts. Except the line
Mo concentration, while the effect of Mo on the bainite of 100 s, all the BS temperatures appear to start from
start temperature is minimal. This is in agreement withthe same point of around 528, and then decrease with
industrial experience. This article, however, will con- Mo/C. The larger the fixed incubation time is, the lower
centrate mainly on the minor dependence of BS upotthe decrease rate is. With respect to the incubation time
the Mo concentration. Fig. 7a represents the influencef 100 s, it seems there is a threshold Me4C1.0,
of Mo on the bainite reaction under continuous coolingi.e., the Mo concentration of 0.4 wt%; above which the
conditions. Itis clear that addition of Mo will decrease BS temperature keep nearly constant upon increasing
the BS temperature, but have a minor influence on thdo/C. The isochronal and isothermal analyses indicate
incubation period of bainite reaction. That is, Mo tendsthat the proportion of Mo and C has significant influence
to mainly lower, and yet hardly shift the bainite reaction on the first stage of bainite reaction, which was reported
region. Fig. 7b shows the influence of Mo concentra-to take place with rapid kinetics, and to be dominated
tion on the BS temperature, for four curves representindpy sympathetic nucleation, although the transformation
four different cooling rates. At a cooling rate of 5.1 and is presumably initiated by nucleation and growth at the
1.3°Cl/s, i.e., medium cooling rates, the decrease in B&wustenite grain boundaries [45]. The larger the propor-
is approximately linear to the increase in Mo concen-tion is, the lower the BS, and the longer the incubation
tration, with a decrease rate equal to 70, and°@3 time.
per 1 wt% Mo, respectively. When the cooling rate is
decreased to 0.18/s, the dependence of BS on Mo
concentration is no longer linear. Another fact is that4. Summary
if Mo < 0.5 wt%, the decrease rate is very high. As alnfluence of single alloying elements of C, Si, Mn, Cr
ferrite stabilizer, Mo will increase the driving force of and Mo on bainite reaction under continuous cooling
the Gibbs energy difference. This is shown in Fig. 7c¢,condition in a series of 26 low alloy steels has been
where all calculated lines have slightly positive slopes predicted by an artificial neural network. Analysis on
However, the predicted BS temperature has a negativéae predicted results shows that:
slope. Similarly, the NPLE model will give proper ex-
planation for the influence of Mo on bainite reaction 1) An increase of carbon concentration will retard
kinetics. As reported [44], the SDLE arising from Mo the bainite reaction. The decrease rate further depends
[45] appears to be more effective than that of Cr. Thison the cooling rate and carbon concentration. C also
was attributed to the smaller size difference between Ceonsiderably prolongs the incubation period of bainite
and Fe. By comparing with the influence of Si, Cr andreaction. The critical driving forces of the test alloys
Mo on the incubation period of bainite reaction, it canwere calculated to be within 150-400 J/mol. The pre-
be concluded that the incubation time under continuou$ainite decomposition of austenite also retards the bai-
cooling condition may be determined both by the po-nite formation and changes the shape of bainite reaction
tential solute drag-like effect of substitutional alloying curves. This effect becomes more significant when C
elements and by the Gibbs energy difference betweenoncentration is below 0.3 wt%.
ferrite and austenite. Fig. 7b also indicates the influence 2) Alloying elements have a significant influence on
of Mo on MS temperature though this influence is verythe bainite reaction. All the alloying elements stud-
weak. When the Mo concentration is below 0.5 wt%,ied here tend to decrease the bainite start temperature
MS is independent of Mo, above 0.5%, MS seems tahough degrees of decrease are quite different. For an
increase slightly with increase of Mo. addition of 1 wt% alloying elements, the decrease rates
Note that CCT actually happens over a certain temare 300—600, 100-130, 100-120 and 32 for the ele-
perature range, and consequently, any isothermal anents of C, Cr, Mn and Si. The influence of Mo is
isochronal analysis of CCT is physically improper very weak and not linear to the Mo concentration. The
though statistically practicable. Moreover, in the casedecrease rates for all alloying elements are further de-
of CCT, the location of the bainite/austenite boundarypendent on cooling rates.
actually represents not only the nucleation of bainite 3) The incubation period of bainite reaction is af-
but also the growth at its early stage. The isothermal infected by alloy elements, but the predicted results show
fluence of the combination of C and Mo was exhibitedthat only Mn tends to shift the nose of bainitic trans-
in Fig. 7d. At the temperatures of 400 and 46Qthe  formation to the far right of the CCT diagram. Ther-
incubation time of the bainite reaction increases withmodynamic analysis indicates that the nucleation of
the proportion of Mo and C, but the increase rate re-bainite should be thermally activated. Quasi-isochronal
duces with decreasing temperature. When the temperand isothermal methods have been employed to analyze
ture is fixed at 350C, there is a threshold combination the influence of the combination of Mo and C. They
of Mo and C, corresponding to Mo concentration of 0.4,indicate that the BS temperature decreases while the
above which the incubation time seems independent ahcubation period prolongs when the proportion of Mo
the proportion of Mo and C. The isochronal influenceand C increases. The threshold for the change of both
of the proportion of Mo and C was given in Fig. 7e. The BS and incubation period is Mo/€ 1, corresponding
time of 100 s represents the start part of the sigmoidalo a Mo concentration of 0.4 wt%.
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4) Increases in Mn and Cr concentrations consideri9

ably decrease the MS temperature. Si has minor in20.

fluence on the MS temperature. The influence of Mo,
however, depends onthe Mo concentration. If 6.5

wt%, it has minor influence on the MS, whilst above 55

0.5 wt%, it increases MS temperatures.

5) The dependence of the bainite start conditions 0?3
chemical composition, as predicted by the artificial neu-2*

ral network may be used successfully to make areliablg,
estimate on the physical mechanisms involved in bai-
nite formation for these low alloy lean medium carbon
steels.
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