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ORIGINAL RESEARCH ARTICLE

Optimization of the CCT Curves for Steels
Containing Al, Cu and B

JYRKI MIETTINEN, SAMI KOSKENNISKA, MAHESH SOMANI,
SEPPO LOUHENKILPI, AARNE POHJONEN, JARI LARKIOLA, and JUKKA KÖMI

New continuous cooling transformation (CCT) equations have been optimized to calculate the
start temperatures and critical cooling rates of phase formations during austenite decomposition
in low-alloyed steels. Experimental CCT data from the literature were used for applying the
recently developed method of calculating the grain boundary soluble compositions of the steels
for optimization. These compositions, which are influenced by solute microsegregation and
precipitation depending on the heating/cooling/holding process, are expected to control the start
of the austenite decomposition, if initiated at the grain boundaries. The current optimization
was carried out rigorously for an extended set of steels than used previously, besides including
three new solute elements, Al, Cu and B, in the CCT-equations. The validity of the equations
was, therefore, boosted not only due to the inclusion of new elements, but also due to the
addition of more low-alloyed steels in the optimization. The final optimization was made with a
mini-tab tool, which discarded statistically insignificant parameters from the equations and
made them prudently safer to use. Using a thermodynamic-kinetic software, IDS, the new
equations were further validated using new experimental CCT data measured in this study. The
agreement is good both for the phase transformation start temperatures as well as the final
phase fractions. In addition, IDS simulations were carried out to construct the CCT diagrams
and the final phase fraction diagrams for 17 steels and two cast irons, in order to outline the
influence of solute elements on the calculations and their relationship with literature
recommendations.

https://doi.org/10.1007/s11663-021-02130-9
� The Author(s) 2021

I. INTRODUCTION

THE continuous cooling transformation (CCT) dia-
gram is a common tool in use for designing the heat
treatment process of the steel. At present, three different
methods are used to determine a CCT diagram, i.e.,
experimental method, empirical formula determination
or mathematical modelling, and machine learning
method.[1] Experimental methods,[2] such as metallogra-
phy and dilatometry, have been in use for several
decades but they are expensive and time-consuming.
Empirical formulas or mathematical models[3–8] have

been developed previously to meet the requirement of
constructing CCT diagrams for the target steels expedi-
tiously. Recently, a machine learning method[9] has
gained ground in the CCT diagram optimization, as
performed in the excellent study of Reference 1 showing
three different machine learning techniques and those of
References 10–12 applying the more common artificial
neural network model. The benefit of the machine
learning method is that it can comprehensively deal with
the complex multivariate nonlinear relationship between
input and output elements[1] in contrast to the empirical
equations that cannot accurately calculate the transfor-
mation temperatures because of their nonlinear
nature.[9]

The methods predicting the CCT diagrams are
typically based on the statistical analysis of the mea-
sured CCT curves and use nominal steel compositions as
the input data. Recently, a new method has been
introduced for the calculation of CCT-equations for
predicting the austenite decomposition parameters.[8]

This method does not use the nominal steel composi-
tions in its calculations, but the grain boundary soluble
compositions, calculated with a thermodynamic-kinetic
software, IDS.[13–15] This concept is based on the
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assumption that the grain boundary is the most favor-
able place for the start of austenite decomposition owing
to the presence of precipitates and high dislocation
density. Due to solute microsegregation and formation
of precipitates, tying up certain solutes from the grain
boundary solid solution phase, the grain boundary
compositions, of course, become very different from the
nominal ones, and so do the corresponding CCT-equa-
tions optimized from the experimental CCT diagrams.
With the aid of IDS simulation, the grain boundary
compositions can be calculated by applying different
types of heating/cooling/holding procedures (heat treat-
ments) in the solid state.

In our earlier study,[8] thirteen CCT equations were
optimized to be able to calculate the phase transforma-
tion temperatures and the corresponding critical cooling
rates applied in the austenite decomposition simulations
using the IDS software. The optimization was made
using the CCT measurements conducted in Ger-
many[16,17] and Britain[18] on low-alloyed steels, thus
applying the IDS-calculated grain boundary soluble
compositions for these steels. The agreement between
the calculations and the original measurements was
fairly reasonable, taking into account the nominal
scatter observed in the experimental data. The empirical
CCT-equations, however, are not suitably applicable for
Al-bearing steels, particularly with Mn and Si alloying
exceeding 2 wt pct. However, such compositions maybe
useful, for instance, in TRansformation Induced Plas-
ticity (TRIP) steels and recently developed Quenched
and Partitioned (Q&P) steels, which belong to the
groups of 2nd and 3rd generations of Advanced High
Strength Steels (AHSS), respectively. Therefore, a new
optimization of CCT equations has been carried out in
this study, using a relatively bigger size of experimental
CCT diagram data than employed previously. These
data sets are taken from select German,[16,17] British,[18]

American[19] and Slovenian[20] compilations, besides a
number of other CCT studies[20–43] carried out for
low-alloyed steels containing Al and larger amounts of
Si and Mn than used in the steels of previous optimiza-
tion. Apart from solute Al, new solutes Cu and B were
also included in the optimization, as they are present in
several of the considered steels. Thus, the solutes
influencing the new CCT equations for optimization
are C, Si, Mn, Cr, Mo, Ni, Al, Cu and B.

The most interesting of the new solute candidates is
boron, which is known to increase the hardenability of
low-alloyed steels, when alloyed in small amounts
(generally, 10 to 30 ppm). It is believed that the
possibility of enhanced hardenability in steels is due to
segregation of boron at the prior austenite grain
boundaries,[44] where it inhibits the nucleation of ferrite.
Different models have been proposed to simulate the
boron segregation to the grain boundaries,[45–47] con-
sidering interaction energies between impurity atoms,
vacancies and grain boundaries. The treatment of Waite
and Faulkner[47] includes an influx of vacancies into the
region of the material considered by the model, and
accounts for the effect of a grain boundary on
defect-binding energies. Because such a treatment is
difficult to couple with the thermodynamic and diffusion

treatments of the IDS software, we assume that the
grain boundary boron composition is controlled by the
precipitation of boron compounds rather than by the
boron segregation at the grain boundaries, as different
boron compounds will anyway tie up boron from the
grain boundary areas. Strictly speaking, depending on
the segregation rate of boron at the grain boundaries
and the diffusion rates of boron-consuming solutes, a
specific balance of soluble boron composition could be
formed at the grain boundary, but the realistic modeling
of such a balance is apparently quite difficult. In steels,
the soluble boron contents calculated by the IDS
software largely depend on the Ti and N contents of
the steels. Without Ti protection and with high N
content in the steel, B is mostly consumed through
formation of boron nitride BN. Sufficient Ti protection,
however, is able to tie up N at high temperatures (even
with relatively high N content in the steel). On the
contrary, in the absence of BN formation at low
temperatures, the soluble B content remains higher.
On the other hand, one should note that boron can still
be consumed via formation of other boron compounds,
such as M23(B,C)6, TiB2, FeMo2B2.
The current study introduces the new optimized

CCT-equations and shows their validation with the
applied experimental CCT measurements. The new
equations are validated further with the IDS software,
using own experimental measurements. The optimiza-
tion itself is conducted with a MiniTab tool,[48] which
discards statistically insignificant parameters from the
equations making them relevant to use. This is a clear
improvement over the optimized database presented
earlier,[8] which was obtained by ‘‘free regression’’, i.e.,
without controlling the formation of its individual
parameters. The new equations are also checked with
the IDS software, by conducting simulations for 17
steels and two cast irons. As a result, CCT diagrams and
final phase fraction diagrams are constructed for these
alloys, including detailed analysis and comparison of the
calculated and experimentally comprehended effects of
the solute elements.
The method for calculating the grain boundary solute

compositions for the CCT equations is described in the
earlier study[8] and, is not described here. However, a
rigorous complex evolution of the soluble boron com-
position, by IDS calculations, deserves keen attention.
This is discussed in the next Section.

II. CALCULATION OF SOLUBLE BORON
COMPOSITION

The boron solubility in steels is very low. According
to IDS calculations made with an equilibrium solidifi-
cation mode, the maximal boron solubility in the ferrite
and austenite phases of the Fe-B system (at low
temperatures) is 11 ppm (at 911 �C) and 46 ppm (at
1172 �C), respectively. These values agree well with the
measurements of Brown et al.[49] and Cameron and
Morral.[50] The reason for the low boron solubility is
due to the formation of iron boride, Fe2B, at 1172 �C. In
steels, this solubility becomes even lower, due to the
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effect of Mn alloying that increases the stability of Fe2B.
At 1150 �C, for instance, alloying with 3 wt pct Mn
reduces the boron solubility from 42 to 29 ppm. In
particular, the boron solubility decreases in presence of
nitrogen, due to the formation of boron nitride, BN.
Therefore, the best way to prevent the formation of BN
is to add Ti to the steel, though an excess addition of Ti
may be counterproductive due to the formation of
another boride, TiB2, thus consuming boron as well.
Another boride that may form is the ternary FeMoB2 in
Mo alloyed steels. For instance, at 1150 �C, alloying
with 1 wt pct Mo reduces the boron solubility of the
Fe-B system from 42 ppm to only 11 ppm. Fortunately,
in real cooling conditions, the boron solubility remains
usually higher and the boride amounts lower than those
calculated with thermodynamic software (or the IDS in
equilibrium solidification mode). The IDS software
takes this into account by delaying the precipitation
process contemplating the effects of incubation and
volume misfit.[51] Nevertheless, of no less significance is
the thermodynamic data of boron bearing steels, as also
assessed recently in several studies referred in Reference
52 and applied in the IDS software to determine the
boron compound stabilities in the simulations.

Figure 1 shows an example of how the cooling rate (a)
and alloying (b) affect the soluble boron composition in
low-alloyed steel 0.2 wt pct C—0.5 wt pct Si—1 wt pct
Mn—30 ppm B calculated using the IDS. Note the
addition of 50 ppm N in the steel containing various
levels of Ti, Figure 1(b).

In Figure 1(a), according to the equilibrium solidifi-
cation mode (EQS), boride M2B (i.e., Fe2B dissolving
Mn) forms at about 1100 �C and the solubility of boron
reduces from 30 ppm at this temperature, down to 2.5
ppm at 700 �C. With a finite cooling rate of only 0.1 �C/
s, the formation of M2B is completely suppressed, but
boro–carbide M23(B,C)6 forms at 863 �C. Note that at
700 �C, the boron solubility is only marginally higher

due to the formation of M23(B,C)6, instead of M2B. This
is because of the fact that the stability of M23(B,C)6
increases more strongly than the stability of M2B with
decrease in temperature. With a higher cooling rate of
0.5 �C/s, even the formation of M23(B,C)6 is suppressed.
In this case, all the boron in the steel remains in
solution.
In Figure 1(b), the presence of 50 ppm of nitrogen in

the steel facilitates BN precipitation at about 1225 �C
and the soluble boron composition reduces down to 5
ppm at 700 �C. However, alloying with 0.03 wt pct Ti
expedites tying up nitrogen already in the liquid state.
As a result, the BN formation is delayed down to 960 �C
and the soluble boron composition remains relatively
high, about 26 ppm. Increasing Ti content to 0.04 wt pct
would completely suppress the BN formation, but a
further increase in Ti alloying up to 0.055 wt pct leads to
the formation of another boride TiB2 at 1280 �C. The
growth of this boride consumes the boron in the steel
such that at 700 �C, its value reaches about 20 ppm. So,
it is possible to seek an optimal Ti alloying for the steel
to keep its soluble boron composition as high as
possible, although alloying with other elements (e.g.,
Mo and Nb) may make this optimization somewhat
complex.
Figure 2 shows how the cooling rate affects the

calculated maximal soluble composition of boron in
the 0.2 wt pct C—0.5 wt pct Si—1 wt pct Mn—30 ppm
B steel at 700 �C alloyed with N and Ti. For the base
alloy without containing nitrogen (curve 1), the cooling
rate has to be>0.14 �C/s to maintain all the boron (30
ppm) in the solution. At lower rates, the maximal

Fig. 1—Effect of cooling (a) and alloying (b) on the calculated (IDS)
boron grain boundary composition in steel 0.2 wt pct C—0.5 wt pct
Si—1 wt pct Mn—30 ppm B. EQS denotes equilibrium solidification.

Fig. 2—Effect of cooling rate on the IDS-calculated maximal boron
composition at grain boundaries in 0.2 wt pct C—0.5 wt pct Si—1
wt pct Mn—30 ppm B steel at 700 �C, without (1) and with (2, 3) N
and Ti alloying. The maximal composition is the composition at
which the first stable boron compound is about to form at 700 �C or
the nominal composition without the formation of any boron
compound at that temperature.
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soluble B composition (i.e., without M23(B,C)6 forma-
tion) is reduced so that at a cooling rate of 0.01 �C/s,
only 20 ppm of boron is in solution. In the steel
containing 50 ppm N (curve 2), a high cooling rate of
35.5 �C/s is needed in order to keep all the boron (30
ppm) in solution. Even at slightly lower cooling rates,
the maximal soluble B composition (i.e., without BN
formation) reduces dramatically. For instance, at 0.01
�C/s, only about 1 ppm boron is in solution. Literally,
alloying with 50 ppm N practically debilitates the
possible hardenability effect of boron in this steel, as
the boron loss due to BN formation can be prevented
only by rapid cooling as stated above. Finally, protect-
ing the boron with 0.03 wt pct Ti alloying (curve 3)
significantly reduces the critical rate to 5.1 �C/s, which
can be easier to achieve in relatively thicker sections
during quench-hardening processes. Also, in this case,
decreasing the cooling rate strongly decreases the
maximal soluble B composition (i.e., without BN
formation) but the maximum boron in solution is
expected to be higher, for example, 5 ppm at a cooling
rate of 0.01 �C/s. Figure 2 clearly demonstrates the
dominating effect of cooling rate in controlling the
soluble boron composition of the steel and related
hardening process. Evidently, the soluble boron com-
position is affected also by the tendency of boron to
segregate at the grain boundaries,[45] but at least in
processes of short durations, one could assume that this
segregation could be effectively suppressed by the
formation of boron compounds. Another factor affect-
ing the results is the austenite decomposition process. At
low cooling rates, it starts at a temperature higher than
700 �C for these steels. Consequently, with the slow
cooling rates, the present results are only indicative.

III. OPTIMIZED CCT EQUATIONS

In the earlier study,[8] CCT measurements of the
studies conducted in Germany[16,17] and Britain[18] were
used to optimize the CCT equations for low-alloyed
steels, using the IDS calculated grain boundary soluble
compositions for these steels. In this study, this exper-
imental CCT database is extended with CCT diagram
compilations made in the USA[19] and Slovenia,[20]

besides the CCT diagrams obtained from several liter-
ature studies.[20–43] In the new treatment, no data were
taken from the CCT-diagrams of high-carbon steels,
which may include carbides in their austenitic structure.
This is because only the elements which are dissolved in
austenite control its decomposition. For statistical
analysis, it is important that the data applied are
homogenous and comparable with each other. If car-
bides or other precipitates are still present in austenite,
regardless of whether the duration is too short or the
austenitization temperature is too low, the structure is
non-homogenous, and the results cannot be compared
with homogenous cases. Anyhow, it is important to note
that when we apply the statistical equations using the
IDS tool, these types of cases can also be simulated. This
is because the IDS calculates the soluble compositions
and then uses the regression equation for these soluble

compositions. As regards carbon, the soluble composi-
tion would be typically much lower than the nominal
carbon content, if carbides are present in the steel, for
instance. Nevertheless, the optimized CCT equations
were fine tuned to give reasonable extrapolations also
for high-carbon steels.
Using the measurements of References 16–43 and

applying IDS calculated grain boundary soluble com-
positions for the steels, the following equations were
optimized to calculate the start temperatures of different
phase formations during the austenite decomposition
process

Tu ¼ a1 þ
X10

i¼2

aiCi þ
X10

i¼2

X10

j¼i

bijCiCj þ c1Rþ c2 lnðRÞ

þ c3 logðRÞ � CB þ c4PA

½1�

logðRuÞ ¼ a1 þ
X10

i¼2

aiCi þ
X10

i¼2

X10

j¼i

bijCiCj þ c4PA ½2�

Here, T/ (�C) is a phase formation temperature, R/

(�C/s) is a critical cooling rate of phase formation, ai, bij
and ck are parameters to be solved with a regression
analysis, Ci (wt pct) is grain boundary soluble compo-
sition of solute i (where, i = C, Si, Mn, Cr, Mo, Ni, Al,
Cu and B, with i = 2 to 10, while solvent Fe is denoted
by i = 1), R (�C/s) is the cooling rate between 800 �C
and 500 �C, and PA is a parameter related to the
austenitization treatment.[8,53] For a homogenized struc-
ture, Pa has been introduced as PA = [1/TA�R/QÆln(tA/
60)]�1, where TA (K) is the austenitization (holding)
temperature, tA (min) is the austenitization (holding)
time, R = 1.987 cal/molK is the gas constant and Q =
110,000 cal/mol is the activation energy of austenitiza-
tion.[53] When calculating the soluble compositions with
the aid of IDS, we use a cooling rate of 1 �C/s and
heating rate of 10 �C/s, taking into account the reported
holding for each CCT steel.[16–43]

Equations [1] and [2] are one and the same, as
presented in the earlier study[8] but they take into
account three new solute elements, Al, Cu and B. They
are independent of the phase transformation kinetics, as
they were optimized using the grain boundary soluble
composition of austenite only. However, if the austenitic
structure (before the start of austenite decomposition),
contains also delta ferrite, we do exceptionally apply the
composition of austenite at the delta ferrite/austenite
interface in the optimization. This is because the
interface can be expected to be a more favorable place
for the start of austenite decomposition. This is sup-
ported by the tendency of low-temperature ferrites and
pearlite to nucleate and grow in the vicinity of the delta
ferrite/austenite interface. Another exception is that in
high-carbon steels and cast irons, we apply average Cr,
Mn and Mo compositions present in austenite in Eqs. [1]
and [2], whenever carbides like cementite and M7C3 are
present in the structure. The reason is that the formation
or dissolution of these carbides can cause dramatic
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changes in the grain boundary compositions of respect
of Cr, Mn and Mo, and, thus, considerably increase the
uncertainty in the optimization of Eqs. [1] and [2].

In Eqs. [1] and [2], terms ai (i „ 1) represent the first
order solute effects, terms bij represent the second order
solute effects, terms c1 and c2 represent the effect of
cooling rate R and term c3 represents the effect of
austenitization parameter PA. Six equations for T/ of
Eq. [1] and seven equations for R/ of Eq. [2] were
optimized for the calculation of the following
information.

� TF temperature for the start of proeutectoid ferrite
formation (=Ar3)

� TP temperature for the start of pearlite formation
(=Ar1)

� TP�TP¢ temperature range of pearlite formation
(TP¢ = end of pearlite formation)

� TB temperature for the start of bainite formation
� TBE0 temperature for the end of bainite formation

from a structure of � 0 pct austenite
� TM100 temperature for the start of martensite from a

structure of 100 pct austenite
� RF maximal cooling rate of proeutectoid ferrite for-

mation
� RP maximal cooling rate of pearlite formation
� RBM0 maximal cooling rate leading to no formation

of bainite and martensite
� RM0 maximal cooling rate leading to formation of

bainite with no martensite
� RM20 cooling rate leading to bainite and martensite

formation with 20 pct martensite
� RM80 cooling rate leading to bainite and martensite

formation with 80 pct martensite
� RM100 minimal cooling rate leading to formation of

100 pct martensite

Using Eqs. [1] and [2], a CCT diagram of the type
shown in Figure 3 can be constructed. As stated in the
previous study,[8] Eqs. [1] and [2] simplify the shapes of
the transformation regions. The real transformation
‘noses’ of C-curves are usually more curved and
temperature TB of bainite formation is not constant.
In the new treatment, temperature functions TF, TP,
TP�TP¢ and TB are artificially curved by the IDS, in the
vicinity of the transformation noses. The shape of these
functions thus looks very natural. This does not violate
the optimization results, as the measured temperature
points applied in the optimization locate reasonably far
from the transformation nose regions. In addition, a
new parameter, C3, has been adopted for equation TB to
take into account the experimentally[33,43] verified effect
of boron alloying to delay the start of bainite formation
with increasing cooling rate. For other temperature
equations, we apply C3 = 0 indicating no effect by the
boron alloying (see Table I).

The optimized values for parameters ai, bij and ck of
Eqs. [1] and [2] are given in Tables I and II. In the
optimization, the Minitab Statistical Software tool,
version 18,[48] was used (path: Stat > Regression >
Regression>Fit Regression Model). In the analysis, a
stepwise regression approach was also applied to

eliminate the terms, which were not statistically signif-
icant. For this determination, Minitab uses a rejection
probability term called the P value. Usually, a value
greater than 0.05 is proposed for rejection but the user
can modify and use lesser or greater limit values. So if
the p value for a term is greater than the limit value, it
indicates that the corresponding term is not statistically
significant and the term should be removed from the
analysis. For the evaluation of regression model in
respect of fitting the data, Minitab plots three R2 values.
They are: R2, R2 adj and R2 pred. R2 is the normal
correlation coefficient. The greater the R2 value is, the
better the model fits the data. It always increases when
new additional terms are added to the analysis and
over-fitting might be a serious problem if only R2 is used
for worthiness evaluation without p terms. The adjusted
R2 adj is used for comparing models that have different
numbers of terms. It also increases, whenever new terms
are added to the model, even when there is no real
improvement to the model. The predicted R2 pred
determines how well the model predicts the response to
the new observations. Models that have greater pre-
dicted R2 values have better predictability. The pre-
dicted R2 pred that is substantially less than normal R2

may indicate that the model is over-fit, i.e., the model is
tailored only with the data used and it is not working
with the new data. In our statistical analysis we have
applied P values and evaluated the worthiness with
predicted R2 values. In all our regression equations, the
P value of each term is distinctly below the limit value of
0.05. The predicted R2 values in our regression formulas
are only marginally lesser than the normal R2 values,
thus leading to the inference that the results are not

Fig. 3—Phase transformation structures formed from austenite (c)
during cooling (F proeutectoid ferrite, P pearlite, B bainite, M
martensite) and the final martensite fractions at 25�C. Temperature
TBE is a hypothetical bainite end temperature used in the
calculations of IDS.
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Table I. Parameters ai, bij, c1, c2, c3 and c4 of Eq. [1] for the Calculation of Phase Formation Temperatures T/ (�C)

Parameter TF TP TP�TP¢ TB TBE0 TM100

a0 905.18 770.01 57.54 650.62 465.20 534.12
aC � 409.49 � 137.60 0 � 257.49 � 370.73 � 485.15
aSi 0 0 � 31.36 0 0 0
aMn � 40.94 � 41.34 0 0 � 37.06 � 22.53
aCr � 37.17 � 12.57 � 6.81 � 15.06 � 19.03 0
aMo 0 � 54.32 50.03 46.97 � 118.23 0
aNi � 39.21 � 10.95 0 0 � 56.35 0
aAl 31.50 0 0 0 27.05 0
aCu 0 � 110.67 � 125.05 � 183.55 0 13.34
aB � 3.91 � 3.92 0 1.22 0 0
bCC 232.67 84.44 � 19.01 154.46 99.17 161.13
bCSi � 25.78 0 31.28 0 0 0
bCMn 0 39.96 0 0 0 0
bCCr 59.32 15.04 0 0 24.97 � 20.26
bCMo 0 0 21.10 0 109.50 � 23.31
bCNi 28.70 0 0 0 20.13 � 10.57
bCAl 0 0 0 0 0 0
bCCu 0 0 0 0 0 0
bCB 0 0 0 0 0 8.11
bSiSi 12.37 7.14 5.89 0 � 5.21 � 4.60
bSiMn 2.62 0 0 0 10.51 8.27
bSiCr 0 0 6.10 0 29.59 0
bSiMo 0 32.60 0 0 0 0
bSiNi � 15.55 0 0 � 16.26 0 � 19.57
bSiAl 0 0 20.62 � 14.77 0 0
bSiCu 0 � 38.32 � 20.50 0 0 0
bSiB 7.78 9.82 0 0 0 0
bMnMn 0 � 8.64 0 � 7.82 0 � 2.83
bMnCr 0 � 7.63 0 � 11.29 � 32.82 0
bMnMo � 27.44 0 37.68 � 41.94 0 0
bMnNi 10.44 � 15.43 0 0 0 0
bMnAl 19.06 34.18 � 5.31 24.13 0 0
bMnCu 0 61.11 18.78 80.24 54.64 0
bMnB 0 0 0 � 1.10 0 � 1.15
bCrCr 3.54 0 2.15 0 0 0
bCrMo 0 26.26 � 16.30 � 28.18 0 0
bCrNi 0 0 0 � 7.67 0 � 3.29
bCrAl 0 0 0 19.38 � 43.65 0
bCrCu 0 48.75 0 61.39 0 0
bCrB 1.76 1.52 0 2.19 0 1.41
bMoMo 18.58 0 � 64.24 0 0 0
bMoNi � 12.16 � 17.48 0 � 18.59 0 0
bMoAl 0 0 � 60.69 � 235.92 0 0
bMoCu 31.79 0 0 140.94 0 0
bMoB � 1.42 0 0 0 0 0
bNiNi 0 � 2.59 � 0.50 � 1.71 6.85 � 1.33
bNiAl 0 18.71 0 0 0 0
bNiCu 29.57 0 26.73 0 � 36.12 0
bNiB � 0.94 0 0 0 0 0
bAlAl 0 0 0 0 0 0
bAlCu 0 0 0 0 0 107.92
bAlB 0 0 0 0 0 0
bCuCu � 37.56 16.05 298.33 0 0 0
bCuB 6.25 0 0 0 0 0
bBB 0 0 0 0 0 0
c1 � 0.362 � 0.222 0.473 0 0 0
c2 � 8.484 � 9.624 3.501 0 0 0
c3 0 0 0 � 0.715 0 0
c4 � 0.03021 � 0.02409 0 0 0 0
Data Points 1272 852 379 520 213 424
R2 (Pct) 86.71 79.67 68.30 83.54 90.45 95.11
R2 Adj. (Pct) 86.42 79.02 66.40 82.79 89.68 94.92
R2 PRED. (Pct) 85.97 78.24 64.61 79.92 88.46 94.52
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Table II. Parameters ai, bij and c4 of Eq. [2] for the Calculation of Critical Cooling Rates R/ (�C/s)

Parameter RF RP RBM0 RM0 RM20 RM80 RM100

a0 5.1917 4.7536 2.6831 5.4915 4.2837 6.2228 5.7648
aC � 2.5715 � 2.1693 0 � 0.8803 0 � 5.0660 � 3.8366
aSi � 0.1278 0 0 � 1.7809 � 0.6946 0 0
aMn � 0.6323 � 0.6538 � 0.8181 � 0.6712 0 � 0.2772 � 0.5142
aCr � 0.7969 � 1.3713 � 0.5546 � 0.8895 0 0 � 0.5903
aMo � 3.4355 � 4.8348 � 5.7623 � 3.3296 � 0.5197 � 0.3710 0
aNi � 0.3110 � 0.7770 � 0.9408 � 0.8903 0 � 0.3591 0.1941
aAl 0 0 0 � 0.4516 0 0 0
aCu 0 0 0 � 2.3509 0 0 0
aB � 0.1101 � 0.0558 0 0 0 0 0
bCC 0 0.9394 0 0 0 3.3372 2.1057
bCSi 0 0.3938 0 0 0 0 0
bCMn 0 0 0 0 � 0.9452 0 0
bCCr 0 0.7016 0.3826 0.5291 � 0.4374 0 0
bCMo 0 1.9381 0 1.9742 0 � 0.5245 � 0.5030
bCNi � 0.7199 0 0 � 0.6271 � 0.8013 � 0.6479 � 0.4931
bCAl 0 0 0 0 0 0 0
bCCu 0 2.3027 0 2.9596 0 0 0
bCB 0.2102 0 0 0 0 0 � 0.3302
bSiSi 0 0 0 0.5564 0.1938 0 0
bSiMn 0 � 0.2865 � 0.0611 0 0 � 0.0625 � 0.1142
bSiCr 0 0 0 0.3801 0 0 0
bSiMo 0 0.9741 0.7925 � 1.6449 0 0 0
bSiNi 0 0 0 0 0 0 � 0.5845
bSiAl 0.2888 0.1954 � 0.8836 0 0 0 0.1902
bSiCu 0.9910 0 0 1.3039 0 � 0.9847 0
bSiB 0 0 � 0.0766 0 0 0 0.0601
bMnMn 0 0 0 0 � 0.0494 � 0.0446 0
bMnCr 0 0.2231 0 � 0.4220 � 0.5833 � 0.5368 0
bMnMo 0 0 0 1.4376 0 0 � 0.4201
bMnNi 0 0 0.2303 0.4930 0.1989 0.2559 0
bMnAl 0 0.2397 0.2203 0 � 0.4339 0 0.1116
bMnCu 0 0 0 0 0 0 0
bMnB 0 0 0 0 0 0 0.0274
bCrCr 0 0.0932 � 0.1518 0.1359 0 0 0
bCrMo 0.5412 0.7790 0.9395 0 0.2413 0 0
bCrNi 0 0.1711 0.1617 � 0.0754 � 0.1047 � 0.0956 0
bCrAl 0 0 0 0 0 0 0
bCrCu � 0.6684 � 0.8249 0 0 � 1.3465 � 0.8313 0
bCrB 0.0556 0.0413 0 0 0 0 � 0.0386
bMoMo 1.2307 0.9160 2.7452 0 0 0 0
bMoNi 0 0 0 0 � 0.2853 0 � 0.3167
bMoAl 0 0 0 0 0 0 0
bMoCu 0 � 2.2596 0 0 � 2.9571 0 0
bMoB � 0.2209 0 � 0.2499 0 0 0 0.0412
bNiNi 0 0 0 0.1110 � 0.0312 0 � 0.0598
bNiAl 0 0 0 0 0 0 0
bNiCu 0 0 0 0 0 0.7186 0
bNiB 0.0198 0 0 0 0 0 0
bAlAl 0 � 0.3169 0.5064 0 0 0 0
bAlCu 0 2.8549 0 0 0 0 0
bAlB 0 0 0 0 0 0 0
bCuCu 0 0 0 0 0 0 0
bCuB 0 0 0.3231 0 0 0 0
bBB 0 0 0 0 0 0 0
c4 � 0.00138 � 0.00147 � 0.00079 � 0.00223 � 0.00171 � 0.00215 � 0.00157
Data Points 381 309 299 277 228 217 401
R2 92.62 92.95 93.98 93.94 93.51 93.96 89.87
R2 Adj. 92.28 92.37 93.61 93.45 93.05 93.54 89.37
R2 Pred. 91.94 91.05 93.02 92.60 92.34 92.98 88.66

The given correlation terms are based on the usage of expressions log(R).
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over-fitted. It is also good to note that the experimental
data include the noise and measurement errors and R2

values close to 100 pct are not practically possible.
As a rough estimate, upper limits for the elemental

compositions applied in Eqs. [1] and [2] with the present
parameter values are given as 3 wt pct C, 2 wt pct Si, 4
wt pct Mn, 3 wt pct Cr, 0.5 wt pct Mo, 3 wt pct Ni, 1 wt
pct Al, 1 wt pct Cu and 50 ppm B. However, it is to be
noted that these are the nominal compositions for the
steels, whereas Eqs. [1] and [2] employ the soluble
compositions, as calculated using the IDS. Tables I and
II also show the number of experimental data points
used and the three types of correlation coefficients, viz.,
R2, R2 adj and R2 pred, as explained above, thereby
describing the succession of the optimization. Though
the agreement is reasonable, but not excellent. The main
reason is the inconsistencies in the original experimental
data. Sometimes, some parts of certain CCT diagrams
or even the whole diagrams were rejected from the
optimization, if their data deviated markedly from the
predicted behavior. Typically, rejections were made for
critical cooling rates of ferrite and pearlite formation,
when their criticality could not be ascertained clearly
from the CCT diagrams.

Table III shows the number of experimental data
points and the average deviations for all 13 equations
derived using German,[16,17] British,[18] America[19] and
Slovenian[20] CCT diagrams, and the other CCT dia-
grams of random and boron steels taken from litera-
ture.[20–43] As can be seen, most of the experimental data
comes from German[16,17] and Britis[18] compilations.
The fact that the average deviations (for any equation)
in each data group are quite similar, indicates that no
group offers clearly less reliable data for the optimiza-
tion. It is, however, noteworthy that not all the data
groups offered data for all equations. For example, no
measurements related to the formation of pearlite were
selected from the American CCT diagrams,[19] because
ferrite and pearlite phases were not distinguished from

each other. In addition, the CCT diagrams of boron
steels did not provide reasonable data for equations
TP�TP¢, TBE0, RM0, RM20 and RM80, whereas data
considered reasonable for equations RM20 and RM80

were available only from the German and British CCT
compilations. These ‘‘data gaps’’, of course, have their
influence on the optimized equations, though a signif-
icant number of measurements used in optimization
should still ensure that the calculation results remain
realistic.
Figures 4 and 5 visualize the correlation between the

experimental and calculated results for four phase
formation temperatures of Eq. [1] and four critical
cooling rates of Eq. [2], respectively. The equation
related data cannot be distinguished from each other

Table III. Number (N) of Experimental Data Points and the Average Deviations (DEV) for the Optimized

Equations Corresponding to German,[16,17] British,[18] American[19] and Slovenian[20] CCT Diagrams, and the CCT Diagrams of

Some Random Steels and Boron Steels
[20–43]

Equation

German Steels British Steels American Steels Slovenian Steels Random Steels Boron Steels

N DEV N DEV N DEV N DEV N DEV N DEV

TF 277 12.4 334 14.0 193 12.2 137 10.9 125 13.5 206 18.3
TP 274 12.7 330 16.0 — — 98 11.4 79 17.4 71 13.0
TP�TP’ 117 7.4 165 6.1 — — 60 5.7 37 8.5 — —
TB 65 17.6 124 12.9 60 12.6 55 16.3 40 18.8 176 19.2
TBE0 66 14.7 97 17.9 22 20.8 18 20.2 10 21.8 — —
TM100 71 12.0 135 10.4 35 9.7 53 18.2 44 16.9 66 17.8
RF 85 0.23 113 0.26 63 0.26 39 0.25 33 0.25 48 0.20
RP 122 0.24 110 0.29 — — 26 0.22 27 0.22 24 0.20
RBM0 106 0.22 84 0.24 40 0.20 26 0.33 12 0.12 31 0.24
RM0 102 0.20 103 0.21 34 0.34 25 0.24 13 0.31 — —
RM20 104 0.22 124 0.22 — — — — — — — —
RM80 94 0.17 123 0.20 — — — — — — — —
RM100 110 0.21 129 0.22 47 0.28 47 0.22 37 0.24 31 0.19

The average deviation, DEV, corresponds to the temperature difference DT (�C) for the temperatures of Eq. [1] and the difference in logarithmic
cooling rate, DlogR (�C/s), for the critical cooling rates of Eq. [2].

Fig. 4—A comparison of the experimental[16–43] and the calculated
phase formation temperatures of TF, TP, TB and TM100. N number
of data points.
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because of the large number of data points and their
overlapping. As stated in the earlier study,[8] the general
scatter in the measurements originates from variations

in local composition, grain size, cooling rate and even
micro- and macro-segregation related issues inherited
from original castings. Some uncertainty may also be
due to the logarithmic scales used for elapsed time or
cooling rate in the original CCT diagrams.
Equations [1] through [2] work reasonably well also

for high-carbon alloys, which may contain carbides or
graphite in their austenitic structure, in spite of rejecting
their CCT diagram data from the optimization. For
example, Figure 6 shows the calculated and experimen-
tal[17,19] pearlite start temperatures of four high-carbon
steels as well as nine cast irons. The correlation can be
considered reasonably good, taking into account possi-
ble large differences in the experimental CCT-diagrams
of such alloys. These differences, in fact, seem to reflect
the experimental difficulties in the construction of the
diagrams, as discussed above. Consequently, the avail-
able experimental CCT data of high-carbon alloys
should not be regarded as very reliable data for
calculations and validation. Note that the data points
in Figure 6 are not evenly distributed around the
prediction line, as the figure is not a result of an
optimization using these data.

IV. EXPERIMENTAL MEASUREMENTS
AND VALIDATION OF CALCULATIONS

Experimental measurements have been made to
determine the continuous cooling transformation
(CCT) temperatures and microstructures in experimen-
tal casts of one carbon steel and two high-AlMnSi steels
using a Field Emission Scanning Electron Microscope
(FESEM) (Zeiss Sigma, Zeiss International, Oberko-
chen, Germany), a laser scanning confocal microscope
(LSCM) (VK-X200, Keyence Ltd, Itasca, USA) and a
thermo-mechanical physical simulation system (Gleeble
3800 simulator, Dynamic Systems Inc., New York,
USA). The nominal compositions of the steels are
shown in Table IV. The measurements of the carbon
steel, A, were reported in the earlier study.[8] For the
high–AlMnSi steels, B1 and B2, two sets of B6x36 mm
samples intended for Gleeble-simulations were
machined from the ¼-thickness location of the castings.
These two sets of Gleeble-simulated samples were used
to distinguish the microstructures obtained along three
cooling paths (0.1, 1 and 10 �C/s) following austeniti-
zation. The samples were heated at 10 �C/s to 1100 �C
and held for 120 seconds prior to cooling at different
rates in all Gleeble measurements. Microstructures were

Fig. 5—A comparison of the experimental[16–43] and the calculated
critical cooling rates of RF, RP, RBM0 and RM100. N number of data
points.

Fig. 6—A comparison of the experimental[17,19] and calculated
pearlite start temperature, TP, for four high-carbon steels and nine
cast irons. Three data points are given for each alloy. N number of
data points and Dev average deviation (�C) between the calculated
and measured temperatures.

Table IV. Nominal Compositions of Steels A, B1 and B2 Used for the CCT Measurements Using the Gleeble Simulator

Steel C (Wt Pct) Si (Wt Pct) Mn (Wt Pct) S (Wt Pct) Cr (Wt Pct) Al (Wt Pct)

A 0.154 0.022 1.10 0.0046 0.050 0.043
B1 0.297 2.04 2.04 0.0022 0.120 1.070
B2 0.292 1.97 3.78 0.0036 0.030 0.910
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recorded utilizing the FESEM and the LSCM after
Nital etching. The microstructures were quantified from
longitudinal sections of the samples.

Examples of representative microstructures seen in
Steel B1 are presented in Figures 7 and 8. Microstruc-
tures are very complex and include various phase
constituents including martensite, lower and upper
bainite, pearlite and polygonal as well as delta ferrite.
The complexity of the microstructures is evident in
Figure 7, while Figure 8 shows the effect of cooling rate
on the microstructural evolution. With increasing cool-
ing rate, the microstructure changed from ferritic and
pearlitic to more bainitic and martensitic. It is to be
noted that the experimental cast materials were not
completely homogenous. This led to a gradual change in
ferrite formation and therefore, it was sometimes
difficult to determine the starting temperature of the
ferrite reaction. This can be seen in Figure 9 showing a
smoothly changing dilatometry curve for steel B at high
temperatures. To explain its behavior, calculations were

carried out to estimate changes in the total ferrite
fraction (delta and polygonal ferrite) per 1 �C. These are
given by black spots in the figure. As can be seen, the
growth of delta ferrite accelerates down to 900 �C but
then ceases below this temperature. This agrees well with
the decreasing slope of the curve. Below about 770 �C,
that slope becomes steeper again indicating the forma-
tion of polygonal ferrite. This is supported by the
calculated high rates of change in ferrite fraction at 750
�C and 700 �C. The temperature for the start of
polygonal ferrite formation was estimated to be 762
�C, which is not far from its calculated value, 770 �C.
Dilatometry curves showing smooth dilatation behavior
were also observed in some of the bainitic reactions. An
example of the bainitic and martensitic reactions is
presented in Figure 10.

Fig. 7—Microstructure of Gleeble-simulated sample B1 with 1 �C/s
cooling. Nital etching. FESEM-image. DF delta ferrite, PF
polygonal ferrite, P pearlite, B bainite, M martensite.

Fig. 8—Microstructure of Gleeble-simulated samples from steel B1 with different cooling speeds. Nital etching. FESEM-image. PF polygonal
ferrite, P pearlite, B bainite, M martensite.

Fig. 9—Dilatometry curve of Gleeble simulated B1 steel showing
change in diameter with temperature following cooling at 1 �C/s
revealing the ferrite reaction. PFs denotes start of polygonal ferrite
formation. Numbers denote calculated increases in the total ferrite
fraction (delta and polygonal) at different temperatures.
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The dilatometric measurements made on steels A, B1
and B2, as shown in Table IV, are compared with the
IDS calculations presented in Tables V and VI. For
calculations with the aid of IDS, the steel samples were
first cooled at 0.5 �C/s from 1600 �C to 700 �C, because
any steel must have its as-cast history. The earlier
measurements of the secondary dendrite arm spacing for
the steels[54] suggest that 0.5 �C/s is a realistic estimation
for the cooling rate of their solidification. After reaching
700 �C, the samples were heated at 10 �C/s to 1100 �C
and then held for 2 minute at that temperature,
following the experimental procedure. In real experi-
ments, the CCT steels are cooled down to room

temperature prior to reheating and dilatation at a given
cooling rate to record the dilatometric curve, but this
cannot be simulated with the IDS. Accordingly, the
present treatment assumes that the degree of homoge-
nization at 1100 �C is independent of the minimum
temperature reached (700 �C or 25 �C). The influence of
the simplified treatment, however, is expected to be
small, because of the poor kinetics (in respect of
homogenization) at temperatures below 700 �C. Finally,
after austenitization, the steels were cooled down to
room temperature at linear rates of 0.1, 1 and 10 �C/s, as
also applied in the Gleeble experiments. The grain sizes
used in the IDS calculations were 130 lm for steel A, 60
lm for steel B1 and 80 lm for steel B2, measured by the
mean linear intercept method. Table V shows the
comparison for the transformation start temperatures.
The agreement is fairly good. The only inconsistency is
seen at the cooling rate of 20 �C/s for steel A, as the
measurements do not show martensite formation, but
the calculations suggest 398 �C for its start. For steel A,
the average difference between the calculated and
measured start temperatures is about 8 �C and for steels
B1 and B2, it is about 7 �C. Worth noting is also the
slightly larger deviations between the experimental and
calculated results for bainite. This is because borders
between martensite and bainite and bainite and ferrite
are not easy to interpret metallographically.
As in the earlier work,[8] IDS calculations of trans-

formation kinetics were carried out to determine the
final phase fractions of the austenite decomposition
process. Table VI lists a comparison between the calcu-
lated and the measured phase fractions. Again, the
agreement is quite good. It is noteworthy that delta
ferrite formed in steels B1 and B2 during the early stages
of solidification. At low temperatures, polygonal ferrite
also formed in the steels. On the other hand, metallo-
graphic examination revealed formation of different
types of ferrites in steel A, such as polygonal, Wid-
manstätten, aligned side plates and acicular ferrite. It
should be pointed out that the calculations, however, do

Fig. 10—Dilatometry curve of Gleeble simulated B2 steel showing
change in diameter with temperature following cooling at 1 �C/s
showing the bainite and martensite reactions. Ms denotes start of
martensitic reaction and Bs denotes start of bainitic reaction.

Table V. Experimental and Calculated (IDS) Start Temperatures of the Austenite Decomposition Phases for Steels A, B1 and B2

of Table IV

Steel R (�C/s)

TPF (�C) TP (�C) TB (�C) TM (�C)

Exp Calc Exp Calc EXP Calc Exp Calc

A 1 765 755 670 663
2 745 749 660 656
5 740 749 650 646 620 596
7.5 730 735 640 642 620 601
10 727 732 630 638 620 602
20 718 722 625 614 620 603 398
30 715 715 — — 610 604 410 405
50 692 682 — — 600 604 410 424
0.1 795 788 720 724 550 561

B1 1 762 770 705 700 560 562 315 306
10 752 749 — — 580 564 325 330
0.1 768 764 — — 515 524 300 286

B2 1 740 743 — — 510 524 306 304
10 — — — — 310 316

PF polygonal ferrite, P pearlite, B bainite, M martensite.
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not differentiate between these ferrite types. In steel A,
with the cooling rate of 20 �C/s, 13 pct martensite was
predicted to form according to the calculations, whereas
no martensite was noticed in the final structure by
metallography. Some discrepancy is also observed in the
calculated and measured amounts of polygonal ferrite
and bainite in steel B2, when cooled at a linear rate of 10
�C/s. The measurements confirmed the presence of tiny
amounts of polygonal ferrite (2 pct) and bainite (4 pct),
whereas neither phase should have actually formed
according to the calculations. The latter agrees with the
measurements presented in Table V showing no trans-
formation start temperatures for the corresponding
cases, but obviously, this may be due to weak signals
for small transformations, not discernible in dilatometry
curves.

V. SIMULATION RESULTS

This section introduces the CCT diagrams and final
phase fraction diagrams for 19 iron alloys plotted using
the IDS software by applying Eqs. [1] and [2]. The
studied alloys are given in Table VII and the corre-
sponding cooling/reheating/holding/cooling history
applied in calculations is presented in Table VIII. In
the case of steels 1 to 10, the idea is to show the
individual effects of simple solute additions on the phase
transformation behavior of steel 1 (L). In the case of
steels 11, 12, 13 and 14, the purpose is to study the effect
of N, Cr, Mo and Ti alloying on the phase transforma-
tion characteristics of boron steel 10 (LB), respectively.
Steels 15 (B1S) and 16 (B2S) represent simplified forms
of the B1 and B2 steels used for Gleeble simulated
experiments, presented in the previous section. The idea
is to introduce more detailed calculations for the
high-Al, Mn, Si steels than presented in Section IV.
Included in the analysis are also one high-carbon steel,
17 (HC), and two cast irons, 18 (C1) and 19 (C2). In
these cases, the focus is on the strong effect of graphite

and carbides to tie up/use carbon from austenite.
Consequently, as the soluble carbon composition can
never surge very high, its effect on the austenite
decomposition process remains relatively constant,
regardless of the original (nominal) carbon composition
of the alloy.
It is to be noted that the grain boundary compositions

for the studied alloys, as applied in Eqs. [1] and [2], are
different from the nominal compositions given in
Table VII. In steels 1 to 9, 13, 15 and 16, the deviation
is not very significant because there are no compounds
tying up solutes from the grain boundary regions.
Particularly, for the rapid diffusing interstitial element,
carbon, the grain boundary and the nominal composi-
tions are often very close to each other. In addition, the
grain boundary compositions of these steels remain
essentially constant at any final cooling rate, listed in
Table VIII. This is because of the low diffusion rates
below 900 �C for substitutional solutes. Also, the
preceding soaking treatment at the homogenization
temperature (Thom) has already homogenized the grain
boundary compositions. In contrast, the compounds
formed in other steels (10 to 12, 14, 17 to 19) will have a
distinct influence on the grain boundary solute compo-
sitions as well as the calculated results. However, as
carbides (and also graphite) are present in alloys 17 to
19, the average matrix compositions of Cr, Mn and Mo
are applied in Eqs. [1] and [2] instead of the grain
boundary compositions, due to the reasons explained in
Section III.

A. Steel L

The calculated CCT diagram and the final phase
fraction diagram for this simple plain carbon steel are
presented in Figure 11. Symbol A denotes the austenitic
region or the austenite fraction, and the other symbols
denote the phase fields or fractions of ferrite (F), pearlite
(P), bainite (B) and martensite (M). The nominal and
the average grain boundary compositions of the solutes

Table VI. Experimental and Calculated (IDS) Final Phase Fractions (Volume Pct) for STEELS A, B1 and B2 at 25 �C, as Listed
in Table IV

Steel R (�C/s)

dF (pct) PF (pct) P (pct) B (pct) M (pct)

Exp Calc Exp Calc Exp Calc EXP Calc Exp Calc

A 1 — — 70 68 30 32 — — — —
2 — — 65 60 35 40 — — — —
5 — — 55 49 15 17 30 34 — —
7.5 — — 43 44 10 12 47 44 — —
10 — — 39 40 6 10 55 50 — —
20 — — 33 29 2 2 65 55 — 13
30 — — 15 19 — — 55 51 30 30
50 — — 10 7 — — 30 31 60 62
0.1 20 24 26 29 46 41 8 6 — —

B1 1 16 20 17 16 8 15 22 15 37 33
10 14 15 10 6 — — 15 14 59 63
0.1 8 7 21 23 — — 28 29 41 38

B2 1 9 6 6 4 — — 13 17 71 69
10 7 5 2 — — — 4 — 87 91

dF delta ferrite, PF polygonal ferrite, P pearlite, B bainite, M martensite.
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(in wt pct) are given as C: 0.15/0.15, Si: 0.3/0.33 and Mn:
1/1.2. These values indicate no change for C, but an
increase of 10 and 20 pct for the Si and Mn, respectively,
at the grain boundaries. Consequently, the results
obtained by applying the nominal compositions in
Eqs. [1] and [2] would not be so far from those of
Figure 1. The dotted lines in Figure 11(a) show the CCT
diagram obtained by using simple cooling from casting
stage, i.e., 1600 �C to 900 �C at 1 �C/s and from 900 �C
to 25 �C at various rates, instead of the typical cooling/
heating/holding procedure specified in Table VIII. The
differences are quite small indicating that the calcula-
tions for ‘‘simple steels’’ like L are not significantly
influenced by including their heating stage. Neverthe-
less, with longer holding times and faster cooling from
casting stage, thus refining the dendritic structure, the
effect of subsequent reheating will evidently be dis-
cernible. In Figure 11(b), the dotted lines show the final

Table VII. Nominal Compositions of 17 Steels (L–HC) and Two Cast Irons (C1 and C2) Studied by IDS Simulations

No
Alloy
Code

C Wt
Pct

Si Wt
Pct

Mn Wt
Pct

Cr Wt
Pct

Mo Wt
Pct

Ni Wt
Pct

Al Wt
Pct

Cu Wt
Pct

B
ppm

N
ppm

Ti Wt
Pct

1 L 0.15 0.3 1.0 — — — — — — — —
2 LC 0.30 0.3 1.0 — — — — — — — —
3 LSI 0.15 1.3 1.0 — — — — — — — —
4 LMN 0.15 0.3 2.0 — — — — — — — —
5 LCR 0.15 0.3 1.0 1.0 — — — — — — —
6 LMO 0.15 0.3 1.0 — 0.3 — — — — — —
7 LNI 0.15 0.3 1.0 — — 1.0 — — — — —
8 LAL 0.15 0.3 1.0 — — — 0.5 — — — —
9 LCU 0.15 0.3 1.0 — — — — 0.5 — — —
10 LB 0.15 0.3 1.0 — — — — — 20 — —
11 LBN 0.15 0.3 1.0 — — — — — 20 50 —
12 LBNT 0.15 0.3 1.0 — — — — — 20 50 0.03
13 LBCR 0.15 0.3 1.0 1.0 — — — 20 — —
14 LBMO 0.15 0.3 1.0 — 0.3 — — — 20 — —
15 B1S 0.30 2.0 2.0 — — — 1.0 — — — —
16 B2S 0.30 2.0 4.0 — — — 1.0 — — — —
17 HC 1.20 0.3 1.8 — — — — — — — —
18 C1 3.00 2.0 0.5 — — — — — — — —
19 C2 3.00 2.0 0.5 1.5 0.2 1.5 — — — — —

Steels B1S and B2S are simplified versions of steels B1 and B2 (see Table 4).

Table VIII. Values of Parameters Applied in the IDS
Simulation for Steels and Cast Irons of Table VII

Parameter Value

Cooling Rate from 1600 �C to 700 �C 1 �C/s
Heating Rate from 700 �C to Thom 10 �C/s
Holding Time at Thom 2 min
Cooling Rate from Thom to 900 �C 10 �C/s
Cooling Rate from 900 �C to 25 �C 0.01 to 1000 �C/s
Austenite Grain Size 100 lm

Homogenization Temperature (Thom) = 1100 �C for Steels 1 to 17
and 1000 �C for Cast Irons C1 (Alloy 18) and C2 (Alloy 19).

Fig. 11—Calculated CCT (a) and final phase fraction (b) diagrams
for steel L. A austenite, F ferrite, P pearlite, B bainite and M
martensite. Also shown (dotted lines) is the CCT diagram obtained
from as-cast treatment (cooling from 1600 �C to 900 �C at 1 �C/s
and from 900 �C to 25 �C at various rates) (a) and the final phase
fractions obtained for a coarser austenite grain size of 150 lm.

1652—VOLUME 52B, JUNE 2021 METALLURGICAL AND MATERIALS TRANSACTIONS B



phase fraction diagram obtained corresponding to a
larger grain size of 150 lm instead of 100 lm
(Table VIII) in the calculations. This reduces the fer-
rite amount in the final structure, due to the
increased diffusion distances in the austenite grains for
carbon.

B. Steel LC-Effect of C

The calculated CCT and final phase fraction diagrams
for steel LC are presented in Figure 12. The steel is
identical to steel L, but its carbon content has been
doubled, to 0.30 wt pct C. The nominal and the average
grain boundary compositions of the solutes (in wt pct)
are given as C: 0.3/0.3, Si: 0.3/0.4 and Mn: 1/1.32.
Evidently, the carbon addition has increased the grain
boundary Si and Mn compositions compared to that
seen in steel L. This enhances the effect of C in the
simulation. According to Figure 12(a), the addition of
another 0.15 wt pct C to the steel shifts the ferrite,
pearlite and bainite phase fields to lower cooling rates
and also the martensite start temperature is lowered. All
these trends have been observed also experimentally.[55]

Particularly strong is the effect of carbon addition in
decreasing the ferrite fraction, as shown in Figure 12(b).
This is due to the strong tendency of carbon to delay the
start of ferrite formation, which thereby impedes the
austenite to ferrite transformation, essentially due to the
weaker carbon diffusion at lower temperatures. The
realized ferrite fraction, of course, decreases further with
the increase in grain size beyond 100 lm, since the
longer diffusion distances will impede the austenite/fer-
rite transformation.

C. Steel LSI-Effect of Si

The calculated CCT and final phase fraction diagrams
for steel LSI are presented in Figure 13. The steel is
identical to steel L, except for the silicon content that
has been raised to 1 wt pct Si. The nominal and the
average grain boundary compositions of the solutes (in
wt pct) are given as C: 0.15/0.15, Si: 1.00/1.35 and Mn:
1.00/1.19. Again, there is some positive deviation in the
composition of Si and Mn at the grain boundaries.
According to Figure 13(a), an additional 0.85 wt pct Si
in the steel shifts the regions of ferrite and pearlite
formation to marginally higher temperatures. This effect
is supported by experimental observations[55] as well,
though the observed trend of Si to shift the phase
formation regions to higher cooling rates was not
apparent in the present calculations. The effect of Si
on the calculated bainite and martensite formation
temperatures is also weak, whereas no estimation of that
effect was provided in Reference [55]. In the calculations,
the only effect brought out by the Si addition is the
disappearance of the martensite-free bainitic structure,
at the cooling rates of about 4 to 10 �C/s. On the whole,
the addition of 0.85 wt pct Si to steel L predicts
surprisingly only minor changes in the calculated results.
Nevertheless, this effect is not persistently same, but
changes with the steel composition. Note also the
slightly lower ferrite fractions by the Si addition, in

Fig. 12—Calculated CCT diagram (a) and final phase fractions (b)
for steel LC. The dotted lines show the results for steel L. A
austenite, F ferrite, P pearlite, B bainite, M martensite and Ae3 is
the equilibrium transition temperature for the austenite/ferrite
transformation.

Fig. 13—Calculated CCT diagram (a) and final phase fractions (b)
for steel LSI. The dotted lines show the results for steel L. A
austenite, F ferrite, P pearlite, B bainite, M martensite and Ae3 is
the equilibrium transition temperature for the austenite/ferrite
transformation.
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Figure 13(b). This effect originates due to the experi-
mentally assessed tendency of Si to weaken the diffusion
kinetics in the austenite grains, which ignores the minor
effect of Si to extend the temperature region of ferrite
phase field to higher temperatures.

D. Steel LMN-Effect of Mn

The calculated CCT and final phase fraction diagrams
for steel LMN are presented in Figure 14. The steel is
identical to steel L but its Mn content has been doubled
to 2 wt pct Mn. The nominal and the average grain
boundary compositions of the solutes (in wt pct) are
given as C: 0.15/0.15, Si: 0.3/0.34 and Mn: 2/2.39. The
increase of Mn content by 0.39 wt pct at the grain
boundaries is to be noted, as it should definitely affect
the results. According to Figure 14(a), the addition of 1
wt pct Mn shifts the regions of ferrite, pearlite and
bainite formation to lower cooling rates as well as
lowers the martensite start temperature. All these trends,
analogous to those of carbon, have been observed
experimentally,[55] too. In Figure 14(b), the effect of 1 wt
pct Mn addition in marginally increasing the ferrite
fraction at low cooling rates is noteworthy, in spite of
the fact that Mn has the tendency to stabilize the
austenite phase. This effect can be explained by the
wider temperature region of ferrite formation that is still
not quite low at the low cooling rates. In such a case, the
slightly weaker carbon diffusivity at low temperatures is
compensated well by the longer diffusion times so that
the movement of the austenite/ferrite interfaces is
enhanced.

E. Steel LCR-Effect of Cr

The CCT and final phase fraction diagrams calcu-
lated for steel LCR are presented in Figure 15. The
steel is identical to steel L but includes 1 wt pct Cr.
The nominal and the average grain boundary compo-
sitions of the solutes (in wt pct) are given as C: 0.15/
0.15, Si: 0.3/0.32, Mn: 1/1.15 and Cr: 1/1.07. The slight
deviations in the grain boundary composition values
indicate that the influence of Cr alloying mainly
originates in its direct effect on the results. According
to Figure 15(a), the addition of 1 wt pct Cr shifts the
regions of ferrite, pearlite and bainite formation to
lower cooling rates, but only slightly affects the start of
martensite formation. The experimental observations
of Reference [55] confirm the calculated effect of Cr on
the ferrite and pearlite regions, but its effect on the
bainite and martensite regions was not commented
earlier. The measurements of Reference [56], however,
indicate that alloying with Cr tends to lower the bainite
start temperature, as also predicted by the calculations.
No clear observations, however, seem to be available
to describe the effect of Cr alloying on the martensite
start temperature. In Figure 15(b), significantly lower
ferrite fractions in comparison to those in steel L
should be noted. This is due to the effect of Cr in
shifting the region of ferrite formation to lower
temperatures, but mainly due to the experimentally
assessed strong tendency of Cr to weaken the diffusion

Fig. 14—Calculated CCT diagram (a) and final phase fractions (b)
for steel LMN. The dotted lines show the results for steel L. A
austenite, F ferrite, P pearlite, B bainite, M martensite and Ae3 is
the equilibrium transition temperature for the austenite/ferrite
transformation.

Fig. 15—Calculated CCT diagram (a) and final phase fractions (b)
for steel LCR. The dotted lines show the results for steel L. A
austenite, F ferrite, P pearlite, B bainite, M martensite and Ae3 is
the equilibrium transition temperature for the austenite/ferrite
transformation.
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kinetics in the austenite grains, which effectively
restrains the movement of the austenite/ferrite phase
interfaces.

F. Steel LMO-Effect of Mo

The calculated CCT and final phase fraction diagrams
for steel LMO are presented in Figure 16. The steel is
identical to steel L but includes 0.3 wt pct Mo. The
nominal and the average grain boundary compositions
of the solutes (in wt pct) are given as C: 0.15/0.15, Si:
0.30/0.32, Mn: 1.00/1.18, Mo: 0.30/0.33. In this case
also, the influence of Mo alloying seems to originate
essentially due to its direct effect on the calculations.
According to Figure 16(a), the addition of 0.3 wt pct
Mo shifts the regions of ferrite and pearlite to lower
cooling rates. This trend is supported by the measure-
ments of Reference 19 and the experimental observa-
tions of Reference 55. The bainite and martensite start
temperatures are not drastically affected, however. The
measurements of Reference 19 show a similar trend,
though the effect of cooling rate on the bainite start
temperature seems more complicated than shown by the
IDS calculations. In particular, the calculated cooling
rate region, where bainite can be present in the final
structure, is quite wide, as shown in Figure 16(b). All
the same, the effect of Mo alloying on the bainite
transformation behaviour can be considered relatively

strong, as the present alloying (0.3 wt pct Mo) is only 30
pct of the Cr alloying (1 wt pct Cr) applied in previous
consideration.

G. Steel LNI-Effect of Ni

The calculated CCT and final phase fraction diagrams
for steel LNI are presented in Figure 17. The steel is
identical to steel L except for the addition of 1 wt pct Ni.
The nominal and average grain boundary compositions
of the solutes (in wt pct) are given as C: 0.15/0.15, Si:
0.3/0.33, Mn: 1/1.21, Ni: 1/1.14. Similarly, as in the case
of the Cr and Mo alloying considerations above, the
influence of Ni alloying seems to originate due to its
direct effect on the calculated results. Accordingly, the
addition of 1 wt pct Ni shifts the regions of ferrite and
pearlite to lower cooling rates, Figure 17(a). The exper-
imental observations[55] show a closely similar trend.
The Ni alloying also extends the calculated region of
bainite formation to lower cooling rates but does not
significantly change the calculated bainite and marten-
site start temperatures. The former effect is confirmed by
numerous measurements available in literature, but no
conclusions have been presented to validate the latter
trend. In Figure 17(b), the effect of 1 wt pct Ni alloying
on increasing the ferrite fractions at low cooling rates
and in extending the bainite phase field to wider cooling
rate range is clearly evident.

Fig. 16—Calculated CCT diagram (a) and final phase fractions (b)
for steel LMO. The dotted lines show the results for steel L. A
austenite, F ferrite, P pearlite, B bainite, M martensite and Ae3 is
the equilibrium transition temperature for the austenite/ferrite
transformation.

Fig. 17—Calculated CCT diagram (a) and final phase fractions (b)
for steel LNI. The dotted lines show the results for steel L. A
austenite, F ferrite, P pearlite, B bainite, M martensite and Ae3 is
the equilibrium transition temperature for the austenite/ferrite
transformation.
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H. Steel LAL-Effect of Al

The calculated CCT and final phase fraction diagrams
for steel LAL are presented in Figure 18. The steel is
identical to steel L but includes 0.5 wt pct Al. The
nominal and average grain boundary compositions of
the solutes (in wt pct) are given as C: 0.15/0.15, Si: 0.3/
0.33, Mn: 1/1.14, Al: 0.5/0.44. As can be seen, the Al
composition at the grain boundaries is marginally lower
than the nominal composition, which weakens the direct
effect of Al alloying on the predictions. Accordingly, an
addition of 0.5 wt pct Al shifts the regions of ferrite and
pearlite to higher cooling rates and increases the bainite
start temperature, Figure 18(a). The experimental obser-
vations of References 28, 54 support the calculated
effects of Al on the ferrite and bainite formation but
disagrees with the pearlite formation predictions that
suggest shifting of phase field to lower cooling rates. In
the case of martensite start temperature, the calculations
practically do not show any effect of Al alloying,
whereas the experimental observations[55] suggest a
small increase in its value. Figure 18(b) reveals that
alloying with 0.5 wt pct Al has only slightly modified the
final phase fraction diagram of steel L.

I. Steel LCU-Effect of Cu

The calculated CCT and final phase fraction diagrams
for steel LCU are shown in Figure 19. The steel is same
as steel L except that 0.5 wt pct Cu has been included in
the steel. The nominal and the average grain boundary
compositions of the solutes (in wt pct) are given as C:
0.15/0.15, Si: 0.3/0.33, Mn: 1/1.21, Cu: 0.5/0.56. The
influence of the Cu alloying mainly originates in respect
of its direct effect on the calculations. According to
Figure 19(a), an addition of 0.5 wt pct Cu shifts the
regions of ferrite and pearlite formation to lower
temperatures, similarly as in the case of Ni, thus
agreeing with its inherent tendency to stabilize the
austenite phase. No experimental observations, how-
ever, have been presented to confirm this tendency.
According to the IDS calculations, the most peculiar
tendency of Cu alloying seems to be in respect of
suppressing the temperature region of the bainite
formation (Figure 19((a)) and thereby reducing the
bainite fraction in the final structure (Figure 19(b)),
though the experimental verification of the tendency is
still lacking.

J. Boron Steel LB-Effect of B

The calculated CCT and final phase fraction diagrams
for steel LB are presented in Figure 20. The steel is
identical to steel L but includes a small fraction of B (20
ppm). According to Figure 20(a), microalloying with 20
ppm B has resulted in a remarkable effect on the ferrite
and pearlite formation, thereby shifting the phase fields
to lower cooling rates, in agreement with the experi-
mental observations of Reference 55. Worth noting are
the discontinuities in the ferrite and pearlite start
temperatures at low cooling rates. These discontinuities
form because of the formation of boro-carbide

Fig. 18—Calculated CCT diagram (a) and final phase fractions (b)
for steel LAL. The dotted lines show the results for steel L. A
austenite, F ferrite, P pearlite, B bainite, M martensite and Ae3 is
the equilibrium transition temperature for the austenite/ferrite
transformation.

Fig. 19—Calculated CCT diagram (a) and final phase fractions (b)
for steel LCU. The dotted lines show the results for steel L. A
austenite, F ferrite, P pearlite, B bainite, M martensite and Ae3 is
the equilibrium transition temperature for the austenite/ferrite
transformation.
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Fig. 20—Calculated CCT diagram (a) and final phase fractions (b)
for steel LB. The dotted lines show the results for steel L. A
austenite, F ferrite, P pearlite, B bainite and M martensite.

Fig. 21—Calculated CCT diagram (a) and corresponding grain
boundary B and N compositions, and boron nitride (BN) amounts
(b) for steel LBN. The dotted lines show the calculated CCT
diagram for steel LB. A austenite, F ferrite, P pearlite, B bainite and
M martensite. The results of figure (b) are calculated at temperatures
that follow the thick light grey curve of figure (a).

Fig. 22—Calculated CCT diagram (a) and corresponding grain
boundary B and N compositions, and carbonitride (Ti(C,N)) as well
as boron nitride (BN) amounts (b) for steel LBNT. The dotted lines
show the calculated CCT diagram for steel LB. A austenite, F
ferrite, P pearlite, B bainite and M martensite. The results of
figure (b) are calculated at temperatures that follow the thick light
grey curve of figure (a).

Fig. 23—Calculated CCT diagram (a) and final phase fractions (b)
for steel LBCR. The dotted lines show the results for steel LB. A
austenite, F ferrite, P pearlite, B bainite and M martensite.
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M23(B,C)6 that ties up about 4 ppm B from the solution
and weakens the effect of boron in lowering the ferrite
and pearlite start temperatures. In addition, B alloying
enlarges the region of bainite formation, but with
increasing cooling rate, it lowers the bainite start
temperature as well. This tendency is clearly evident in
the measured CCT diagrams of boron bearing steels.[43]

According to the calculations, the martensite start
temperature is not influenced by boron alloying, which
largely agrees well with the measured CCT diagrams
with only a small variation.[43] Figure 20(b) reveals the
very strong tendency of boron alloying in favouring the
formation of bainitic and/or martensitic structures,
which emphasizes the essential role of boron in steel
hardening processes.

K. Boron Steel LBN-Effect of N

The CCT diagram calculated for steel LBN is
presented in Figure 21. The steel is identical to steel
LB but includes 50 ppm N in the composition. Accord-
ing to Figure 21(a), an addition of 50 ppm N shifts most
phase regions of steel LB back to higher cooling rates.
Consequently, the hardenability enhancement effect of
boron is partly or fully lost due to the formation of
boron nitride, BN, which has tied up a significant
fraction of boron from the solution, as demonstrated in
Figure 21(b). The soluble B and N compositions in
Figure 21(b) refer to those calculated at the tempera-
tures given by the thick light grey curve of Figure 21(a).
With increasing cooling rate, the soluble N composition

first decreases and that of boron increases, because the
movement of the relatively slower diffusing N atoms (in
comparison to B atoms) to the grain boundaries gets
weaker. However, at cooling rates>1 �C/s, both B and
N contents at the grain boundaries start to decrease,
since the driving force of BN formation increases
drastically with the decreasing temperature, between
points(a) and (b) of Figure 21(a). Note also the hap-
hazardly varying N composition between points (a) and
(d) of Figure 21(b) in correspondence with the varying
shape of the grey temperature curve between the same
points in Figure 21(a). At high cooling rates, however,
the residual boron and nitrogen compositions are
already so less that their variation does not cause any
visible changes in the phase formation regions of
Figure 21(a).

L. Boron Steel LBNT-Effect of N and Ti

The calculated CCT diagram for steel LBNT is
presented in Figure 22. The steel is identical to steel
LB but includes 50 ppm N and 0.03 wt pct Ti. An
addition of 0.03 wt pct Ti leads to the formation of
carbonitride Ti(C,N), which ties up most part of the
soluble nitrogen already in the mushy zone during
solidification. This shifts the phase formation regions of
steel LBN close to those of steel LB (as shown in
Figure 22(a)) restoring once again the hardenability
effect of boron. At cooling rates below 2.5 �C/s,
however, there is still some nitrogen in solution to
launch the formation of boron nitride, BN, before the

Fig. 24—Calculated CCT diagram (a) and grain boundary B and N
compositions, and boride FeMo2B2 amounts (b) for steel LBMO.
The dotted lines show the calculated CCT diagram for steel LB. A
austenite, F ferrite, P pearlite, B bainite and M martensite. The
results of figure (b) are calculated at the temperatures that follow the
thick light grey curve of figure (a).

Fig. 25—Calculated CCT diagram (a) and final phase fractions (b)
for steel B1S (solid lines) and B2S (dotted lines). A austenite, dF
delta ferrite, F low-temperature ferrite, P pearlite, B bainite and M
martensite.
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start of austenite decomposition (see the region of BN
formation in Figure 22(a)). In this case, the BN phase
ties up some boron from the solution and thus raises the
regions of ferrite and pearlite formation to slightly
higher temperatures. Figure 22(b) reveals the strong
tendency of carbonitride Ti(C,N) formation in decreas-
ing the soluble nitrogen content from 50 to 12.8 ppm.
This nitrogen composition is so low that the BN phase
that may form later at cooling rates below 2.5 �C/s, can
no longer tie up significant fraction of boron from the
solution. The calculated minimum boron composition,
14.1 ppm, corresponds to the calculated maximum
amount of BN, 61 lmol, both obtained at the lowest
cooling rate of 0.01 �C/s.

M. Boron Steel LBCR-Effect of Cr

The calculated CCT diagram and final phase fractions
at 25 �C for steel LBCR are presented in Figure 23. The
steel is identical to steel LB, but includes 1 wt pct Cr.
According to Figure 23(a), an addition of 1 wt pct Cr
shifts the region of ferrite formation to higher cooling
rates, although the individual effects by 1 wt pct Cr and
20 ppm B alloying in steels LCR and LB were just the
opposite. Evidently, the Cr alloying lessens the very
strong effect of B alloying, but the overall effect is still
such that the ferrite phase field is shifted to lower
cooling rates in comparison to that of steel L without
any Cr and B (Figure 11). The Cr alloying also shifts the
region of bainite formation to lower cooling rates, but
clearly increases the martensite start temperature.

Particularly, noteworthy is the increased martensite
fraction in the final structure, as shown by Figure 23(b).
In the same figure, the decreased ferrite fraction,
however, is not a result of simultaneous Cr and B
alloying, but originates essentially in Cr alloying only, as
depicted in Figure 15(b). On the whole, the simultane-
ous Cr and B alloying has quite a strong influence on the
final phase fractions. In principle, boride (Cr,Fe)2B
could tie up both the solutes from the solution and
thereby reduce the hardenability influence, though the
boride (Cr,Fe)2B is clearly metastable according to the
composition of steel LBCR.

N. Boron Steel LBMO-Effect of Mo

The calculated CCT diagram for steel LBMO is
presented in Figure 24. The steel is identical to steel LB
but includes 0.3 wt pct Mo in this case. According to
Figure 24(a), an addition of 0.3 wt pct Mo shifts the
region of ferrite formation to higher cooling rates.
Consequently, the hardenability enhancement effect of B
is slightly weakened. The effect of Mo alloying is thus
similar to that of Cr alloying in steel LBCR. Surpris-
ingly, however, all other effects due to Mo alloying are
insignificant. This can be explained with respect to the
formation of boride FeMo2B2, which ties up most of Mo
atoms and also a considerable fraction of B atoms from
the solution already at high temperatures. According to
Figure 24(b), the soluble Mo composition, at the lowest
cooling rate of 0.01 �C/s, has dropped to about 92 ppm,

Fig. 26—Calculated CCT diagram (a) and soluble C, Si and Mn
compositions, and cementite ((Fe,Mn)3C) amounts (b) for
high-carbon steel HC. A austenite, F ferrite, P pearlite, B bainite
and M martensite. The results of figure (b) are calculated at the
temperatures, which follow the thick light grey curve of figure (a).

Fig. 27—Calculated CCT diagram (a) and final phase fractions (b)
for cast iron C1 (solid lines) and cast iron C2 (dotted lines). A
austenite, C graphite and carbides, F ferrite, P pearlite, B bainite
and M martensite. The results of Table IX are calculated at the
temperatures, which follow the thick light grey curves of figure (a).
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which is very low in comparison to its nominal value,
3000 ppm (0.3 wt pct Mo). The corresponding value of
the soluble B is still as high as 13.3 ppm indicating that
the effect of B alloying has not been totally lost. With
increasing cooling rate, the grain boundary areas start to
get depleted of Mo due to its slow diffusion from the
grain interiors thus preventing feeding of Mo atoms.
This restricts the capacity of FeMo2B2 to tie up B from
the solution. Consequently, the soluble B composition at
the boundaries starts to increase once again. The
maximum B composition of 17.5 ppm is obtained at a
rate of 3.3 �C/s. With further increase in cooling rate,
even the movement of the boron atoms becomes
restricted. This checks feeding of boron atoms to the
grain boundary areas, while boride FeMo2B2 formation
still tries to tie up Mo and B atoms from the solution. As
a result, the soluble B composition starts to decrease as
well. Nevertheless, the residual Mo and B contents at the
boundaries are already so less that their variation does
not cause any noticeable changes in the phase formation
regions of Figure 24(a).

O. High-Al, Mn, Si Steels B1S and B2S

The calculated CCT diagram and final phase fractions
at 25 �C for steels B1S and B2S are presented in
Figure 25. These steels are simplified versions of the
high-Al,Mn,Si compositions of B1 and B2 steels intro-
duced in Section IV. The nominal and average grain
boundary compositions of the solutes (in wt pct) are
given for steel B1S as C: 0.30/0.34, Si: 2/1.92, Mn: 2/
2.06, Al: 1/0.92, and for steel B2S as C: 0.30/0.32, Si: 2/
1.96, Mn: 4/4.08, Al: 1/0.95. As can be seen, the average
grain boundary compositions of C and Mn are higher
and those of Si and Al are lower than their nominal
compositions. The differences are not significant but do
affect the results. As shown in Figure 25(a), an addition
of 2 wt pct Mn to steel B1S shifts the regions of ferrite,
pearlite and bainite formation to lower temperatures as
well as cooling rates, and lowers the martensite start
temperature. The effect of Mn is thus analogous to that
presented in Figure 14 for steel LMN. In Figure 25(b),

worth noting is the fact that even low cooling rates can
lead to a structure comprising bainite and martensite.
This particularly concerns steel B2S, whose structure
may contain martensite at a rate as low as 0.013 �C/s.
Another interesting point is that in spite of extensive
regions of bainite formation in Figure 25(a), not so
much bainite is formed, as depicted by the narrow
bainite phase fields in Figure 25(b). Also notable is the
presence of the delta ferrite region that did not disap-
pear from the structure at high temperatures, and the
region of residual austenite, which is slightly wider than
seen in earlier steels.

P. High-Carbon Steel HC

The calculated CCT diagram for steel HC is presented
in Figure 26. Because of its high carbon, proeutectoid
cementite, (Fe,Mn)3C, instead of proeutectoid ferrite,
formed prior to the onset of pearlite, bainite and
martensite transformation, but only at cooling rates
lower than about 12 �C/s. It is to be noted that
exceeding this rate causes a discontinuity in the bainite
and martensite start temperatures. This is due to the
increase in the grain boundary C and Mn compositions
(Figure 26(b)), when there is no cementite present in the
structure that is capable of tying up significant C and
Mn atoms from the solution. The situation is analogous
with that of Figure 22(a) for LBNT steel, though in that
case, the soluble compositions of B and N were too less
to cause discontinuities in the results. Figure 26(b), note
the somewhat stronger cementite formation along tem-
perature drop (a) to (b) of Figure 26(a) (caused by the
increased driving force of cementite formation) that
ceases along path (b) to (c) (as the higher cooling rates
delay the start of cementite formation and restrain the
growth of that phase). In spite of the ceasing of
cementite formation along path (b) to (c), the carbon
composition at the boundaries still decreases in that
region. This is due to the strong microsegregation of
Mn, which effectively consumes carbon from the grain
boundary areas. Temperature path (c) to (d) also
deserves an explanation here. As in the case of

Table IX. Calculated Grain Boundary Soluble Composition of C (Wt Pct) and Amounts of Graphite and Carbides (mmol) in Cast

Irons C1 and C2 (see Table VII for Chemical Compositions), just Before the Start of Austenite Decomposition (mmol=millimoles)

R (�C/s)

Cast Iron C1 Cast Iron C2

Wt Pct C Mmol Graphite Mmol Carbide Wt Pct C Mmol Graphite Mmol Carbides

0.01 1.425 66.53 6.82 1.375 57.08 56.45
0.05 1.409 66.85 7.07 1.369 57.66 55.16
0.1 1.400 67.05 7.18 1.360 57.75 55.54
0.5 1.372 67.24 7.27 1.330 57.71 56.45
1 1.351 67.10 7.21 1.310 57.48 56.32
5 1.275 65.89 6.66 1.152 56.84 55.55
10 1.228 64.99 6.24 0.847 56.26 55.92
50 0.996 63.26 5.36 0.773 54.21 48.12
100 0.771 62.67 5.04 0.723 53.46 46.03
500 0.696 61.30 4.40 0.704 52.15 42.49
1000 0.684 60.94 4.24 0.691 51.75 41.99
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Figures 21, 22 and 24, it does not follow the bainite or
martensite start temperatures below temperature 500 �C,
but is fixed at that temperature. This is the lowest
temperature for the simulation of compound formation
in IDS, just because in real processes, the model
assumption of the thermodynamic equilibrium at phase
interfaces can no longer be valid at such low
temperatures.

Q. Cast Irons C1 and C2-Effect of Cr, Mo and Ni

The calculated CCT diagram and final phase fractions
at 25 �C for cast-irons C1 and C2 are presented in
Figure 27 and Table IX. According to Figure 27(a), the
additional alloying of Cr, Mn and Mo shifts the regions
of pearlite and bainite formation to lower cooling rates
and lowers the martensite start temperature. This is an
expected influence based on the previous calculations
done for steels LMN, LCR, LMO and LNI. Worth
noting, however, are the low fractions of bainite and
high fractions of residual austenite, particularly for alloy
C2, as shown in Figure 27(b). This is due to the sluggish
bainite reactions in high-carbon alloys, observed also
experimentally.[17]

Generally, for cast irons, the evolution of the grain
boundary compositions as using Eqs. [1] and [2] are
quite different from that of the various steels considered
here. This is due to the strong graphite and carbide
forming tendency in cast irons, originating from their
exceptionally high (nominal) carbon content. Indeed, in
both cast irons, C1 and C2, lots of graphite and carbides
formed at high temperatures. While the graphite phase
formed in both the alloys, the cementite phase formation
in alloy C2 already started in the liquid state. With
increasing cooling rate, the grain boundary carbon
composition and the amounts of graphite and carbides
(i.e., cementite M3C and carbide M7C3) changed as
shown in Table IX. These were calculated at the
temperatures that follow the grey curves of Figure 27(a).
Worth noting is the low content of the grain boundary
carbon composition in comparison with the nominal
composition of the alloys, 3 wt pct C, and further
decrease in carbon content with increasing cooling rate.
The latter is mainly due to increasing driving force for
graphite and carbide formation with descending tem-
perature along the grey curves of Figure 27(a); but the
increasing microsegregation of Cr, Mn and Mo also
enhances the carbon consumption at the grain boundary
areas. Surprisingly, the grain boundary carbon compo-
sitions in alloy C1 are very close to those in alloy C2, in
spite of the much stronger tendency of carbide forma-
tion in alloy C2. This can be explained by the somewhat
stronger graphite formation tendency in alloy C1, since
the graphite phase too effectively ties up carbon, in
comparison to the carbides. Moreover, as the calculated
grain boundary carbon compositions in cast irons
seldom deviate very much from the values shown in
Table IX, it is reasonable to assume that this carbon
composition is a much safer parameter to be used in
Eqs. [1] and [2] than the nominal carbon composition of
the alloys, ranging from 2.1 to 4 to 5 wt pct in cast irons.
Also, it is noteworthy that in the CCT diagrams of cast

irons, the probability for discontinuities, as shown in
Figure 26(a), is lower than in high-carbon steels. This is
due to the fact that only minor compositional jumps are
possible during the continuous formation of graphite
and carbides at any cooling rate.

VI. SUMMARY

New CCT equations were optimized to calculate the
start temperatures of phase formation temperatures and
the corresponding critical cooling rates for simulating
the austenite decomposition process of low-alloyed
steels. The current study extends the composition range
of the earlier CCT study[8] by selecting the experimental
CCT data from a higher number of steels, including
three new solutes, Al, Cu and B. In accord with the
previous study,[8] the soluble grain boundary composi-
tions calculated with the IDS software were applied in
the optimization, instead of applying the nominal
compositions of the steels. The effects of the heat-
ing/cooling/holding process on the solute microsegrega-
tion and the compound precipitation were considered
carefully. In addition, the MiniTab tool[48] was applied
in the optimization process to get statistically reasonable
equations prudent to use.
Experimental measurements were made for two

high-Al,Mn,Si steels and the results were validated with
the calculations of the IDS software, as applying the
newly optimized equations. The measurements agreed
quite well with the calculations. In addition, IDS
simulations were carried out for 17 steels and two cast
irons to construct their CCT diagrams and final phase
fraction diagrams. The calculated effects of different
alloying elements on the phase transformation behavior
were discussed and compared with the available exper-
imental suggestions.[55] Again, a good agreement was
obtained, except for the effect of Al alloying on the
shifting of the pearlite formation region in the CCT
diagram. According to calculations, Al shifts this region
to higher cooling rates, whereas experimental observa-
tions suggested just the opposite. The calculated results,
however, corresponded to single heat treatments con-
ducted on fixed steel compositions, whereas the exper-
imental observations were more or less indicative, as
these were based on the measurements made for a good
number of steels, whose compositions might have varied
greatly and whose heat treatments could have been
significantly different.
In these calculations, the influence of some precipi-

tates, viz., M23(B,C)6, BN, Ti(C,N), FeMo2B2, cementite
and graphite, were clearly demonstrated. Boron nitride
BN and boride FeMo2B2 were shown to tie up boron
from the solution, thereby decreasing its hardenability
effect, though the formation of BN could be effectively
prevented by alloying with titanium that binds nitrogen
through formation of carbonitride Ti(C,N). Particu-
larly, in cast irons, the effect of precipitates (carbides
and graphite) became relevant, as their formation could
clearly control the soluble grain boundary composition
in respect of carbon. This composition seldom exceeded
the value of 2 wt pct C. Therefore, an optimization
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which applied the nominal carbon composition could
lead to unreliable results, because the carbon fraction
that may have true effect on the transformation behav-
ior has nothing to do with the broad carbon composi-
tion ranges of cast irons, extending from 2.1 to 4 to 5 wt
pct C.

In the present optimization, the tendency of boron to
segregate to the grain boundaries was not considered.
This is because we still lack a realistic mathematical
treatment, which could take into account the simulta-
neous grain boundary segregation of boron and the
consumption of boron to form boron compounds.
Therefore, boron was treated at par with other solutes
in the IDS simulation, when calculating the grain
boundary compositions for the optimization. The effect
of different, boron compounds, however, was included.
On the other hand, from the optimizing point of view, it
is still not essential to know the exact boron composi-
tions at the grain boundaries. For example, if boron gets
segregated to grain boundaries, the optimized boron-re-
lated parameters of Eqs. [1] and [2] will be different.
However, these equations still try to represent the same
experimental CCT data. In other words, it is the
experimental data, which finally determines the effect
of boron on the calculated CCT diagrams, regardless of
the level of boron composition applied in the optimiza-
tion. The situation would, of course, change if the
experimental CCT studies could provide quantitative
data also from the boron grain boundary segregation
(depending on the holding treatment). In such a case,
the CCT diagram data could be directly linked to the
prevailing grain boundary boron composition. Since
such data are practically never known, it was considered
reasonable to keep the optimization procedure as simple
as possible, by applying the grain boundary composi-
tions calculated with the IDS software only.
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