Chapter 9

Application of the Simultaneous

Transformation Model

The individual phase transformation models described in Chapter 6 were each converted to
the simultaneous transformation kinetics method and combined together in turn. At each
stage, the combined model was validated on experimental data, to ensure the competition
now allowed between the phases still produced the correct transformation behaviour. The
allotriomorphic ferrite and pearlite models were amalgamated first, then Widmanstéatten

ferrite was added, before bainite and martensite were finally included.

9.1 Allotriomorphic Ferrite Model

The evolution of volume fraction as a function of time and temperature, and the ferrite
grain size are the key parameters of the allotriomorphic ferrite transformation which can be
readily validated against experimental data. The heterogeneous nucleation rate equation
contains adjustable values for the density of nucleation sites and the interfacial energy
shape factors for the three types of boundary site. A number of fitting parameters are
required since important quantities such as interfacial energy at the nucleation stage are
unknown. However, the aim was to produce just one set of parameters applicable to
“all steels” and conditions. Comparisons were made between calculated and experimental

volume fraction and grain size results.
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9.1.1 Nucleation Rate Equation Parameters

From classical nucleation theory, as derived in Section 3.1.4, we have for the rate per unit

) ) el
Il = @—T—ngexp{-—(—{&—g——;—gl} (9.1)
B

area of boundary:

where n! is a site factor expressing the density of nucleation sites per unit area of boundary
and Ké is a shape factor affecting the austenite/ferrite interfacial energy per unit area,
00, according to the type of nucleation site j, where j = f for grain face sites, e for edges
and c for corners. Q is an activation energy for self-diffusion of iron, taken as 240 kJ mol™!
[50], and G* ZJSC?'T. Separate rate equations can be written for nucleation at each type of
site, and the result; combined to give the overall nucleation rate. At different temperatures
during cooling, different sites will dominate the transformation. The number of face sites
per unit area of boundary is determined by assuming that each atom can act as a site and
then halving this number as there are two sides to the boundary. If the atomic spacing is
8, taken as 2.5 x 1071° m [37), then:

1
nf = Kf 55 (9.2)

where K { is a factor representing the fraction of the total number of face sites that are
actually active (for example, nucleation at one site will consume adjacent sites and also
prevent others in the vicinity from nucleating due to the carbon diffusion field from the
allotriomorph). Following the theory of Christian for site densities per unit volume, [37]

in 3.1.4.2, the ratio of face to edge and edge to corner sites is 367’ thus:

e f f
pe= KL _Ki0 _ K (9.3)
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¢ f 2 f
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where d., is the mean lineal intercept austenite grain size. So the fraction of active face

nucleation sites is one unknown parameter in the nucleation rate equation.

The other parameter for which a value must be found is the shape Yfactor for each
type of site. Clemm and Fisher’s equations (3.1.4.3), rely upon the choice of a value for
the dihedral angle at grain junctions. Intuitivel.y, it can be seen that the shape factor
for faces should be higher than for edges, which in turn is greater than that for corners.
Nucleation on a corner site will eliminate a greater area of high energy grain boundary
than on an edge or face, for the same amount of matrix/nucleus interfacial energy created.

Thus, corner nucleation should be the most energetically favourable and the activation
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‘energy barrier to nucleation, G*, should be lowered accordingly via the shape factor. All
the shape factors should be less than one, as heterogeneous nucleation is always more

favourable than homogeneous nucleation.

Initial calculations were performed with the continuous cooling allotriomorphic ferrite
model and the site density and shape factors determined by Reed and Bhadeshia (Table
3.1). They took g, to be equal to 0.2 J m~2 in their calculations. However, it has
been proposed by Lange et al. in a review of nucleation kinetics theory that the critical
nucleus should be surrounded by ostensibly low energy (coherent) interfaces for nucleation
to occur at a detectable rate [125]. They compiled interfacial energy values proposed by
several researchers, and a value of 0., = 0.05 J m~2 was chosen from these for the current
model. The shape factors therefore had to be adjusted accordingly, to produce values of
K gG* consistent with those of Reed and Bhadeshia. It was also felt that the shape factors
should decrease in the order faces > edges > corners, to reflect the increasing potency of
these sites. Values of Klf =1 x 10~ and shape factors of 0.3, 0.1 and 0.01 were taken as

a suitable starting point for optimisation of these parameters.

9.1.2 Results from the New Model

The effects of varying the nucleation rate equation parameters on the ferrite transformation
are illustrated in this section for a 0.055 C 0.237 Mn wt.% steel (designated HO1) under
various conditions. The general trends demonstrated were also observed with all the other

steels investigated.

The contributions to the overall boundary nucleation rate from the three types of site
vary with undercooling below Aej, as illustrated in Figure 9.1. At temperatures close to
Aef, the low activation energy barrier to corner nucleation allows this site to dominate.
Edge nucleation then quickly becomes more frequent and takes over, before the larger
number density of face sites become active when the undercooling is sufficient to overcome
their higher activation barrier. A larger austenite grain size increases the proportion of
face sites and thus reduces the contribution from edges and corners accordingly. A slower
cooling rate, on the other hand, increases the effect of the corner and edge sites and lowers

the temperature at which the face nucleation rate becomes significant.

An increase in the fraction of active face nucleation sites, K { , will increase the nucle-
ation rates at all sites, thus forming a measurable fraction of allotriomorphic ferrite more
rapidly and leading to an increase in the ferrite-start temperature, F,. In the model, this
is taken as the temperature at which an allotriomorphic ferrite volume fraction of 0.01
is calculated to have formed. The predicted effect of Klf on this temperature at three

different cooling rates in steel HO1 is illustrated in Figure 9.2 and is in agreement with
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Figure 9.1: Calculated boundary nucleation rates at face, edge and corner sites in steel
HOL1 at (a) dy = 10 um, 10 °C s~1, (b) d, = 100 pm, 10 °C 57}, and (c) dy = 10 pm,
0.1 °C s71. Calculated Ae} = 865 °C.
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this theory. The value of K { also affects the final fraction of allotriomorphic ferrite. At
0.1 °C s~! cooling, the maximum fraction was always obtained for each K { value tested,

but at faster cooling rates the amount decreased with the fraction of active sites quite

significantly.
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Figure 9.2: Calculated effect of the fraction of active nucleation sites, K lf , in steel HO1
with dy = 10 um at different cooling rates, on allotriomorphic ferrite (a) start temperature

and (b) volume fraction.

The specific effects of the individual shape factors were investigated, by holding two
of the factors constant and varying the third. The default values were K f=1.0x 10,
K{ = 0.3, K§ = 0.1 and K5 = 0.01. As suggested by the contributions to the overall
nucleation rate by the three sites, the impact of each shape factor will also vary with
cooling rate and austenite grain size. Two austenite grain sizes, 100 pm and 10 pm,
and three cooling rates, 10, 1 and 0.1 °C s™!, were used. At the large grain size, the
number of face sites is proportionally higher and the face shape factor K{ was the only
one to have an effect on F; and the allotriomorphic ferrite fraction (Figure 9.3), the former
increasing steadily as K{ decreased, the latter reaching a maximum and then levelling off.
At a smaller austenite grain size, the contribution from the corner shape factor was still
negligible but edges began to make a significant difference (Figure 9.4). Reducing both
K{ and K3 increased F;. The volume fraction went through a maximum as K{ decreased,
decreasing by about 0.05 as the shape factor and thus the activation barrier for nucleation
became smaller. Reducing K5 had a smaller effect on volume fraction, leading to an

increase of about 0.1. At the small grain size and slower cooling rate, (Figure 9.5), both
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edge and face sites affected F, and the volume fraction, causing large increases in both
when the face factor was less than 0.5 or the edge factor fell below 0.1. The edge sites

have a greater effect at this slower cooling rate compared with 10 °C s~!.

Finally, at
the slowest cooling rate and the small grain size, the corner sites began to have an effect
when the shape factor fell below 0.01, although their effect will likely be swamped by
the contributions from the other types of sites. There was no change in the final volume
fraction with the shape factors at this slow cooling rate because the equilibrium fraction

was achieved for all cases.
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Figure 9.3: Calculations for steel HO1 for each shape factor Kg at dy = 100 ym and
10 °C s71, showing effect on (a) ferrite-start temperature and (b) allotriomorphic ferrite

volume fraction.

These calculations indicate the effect on the ferrite transformation kinetics of different
active site densities and interfacial energy related shape factors for the three types of
nucleation site. For a shape factor to have an impact on the transformation kinetics of
this steel under these circumstances, it must have a value less than 0.3 for faces, 0.1 for
edges and 0.01 for corners. An experimental CCT diagram for this steel showed F; values
of 856 and 836 °C, and ferrite volume fractions of 0.96 and 0.94, at cooling rates of 0.6 and
10 °C s71, respectively [116]. Figure 9.2 shows that Klf = 1 X 10™° under-estimates the
ferrite start temperatures at both cooling rates and the final volume fraction at 10 °C s~1.
However, Figure 9.4 and Figure 9.5 indicate that decreasing K{; from 0.3 to 0.1 and K3

from 0.1 to 0.01 increased both the volume fraction and F;.

Bearing these results in mind, the model was then tested against different sets of
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Figure 9.4: Calculations for steel HO1 for each shape factor Kg at dy = 10 pm and

10 °C s, showing effect on (a) ferrite-start temperature and (b) allotriomorphic ferrite

volume fraction.
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Figure 9.5: Calculations for steel HO1 for each shape factor K% at dy = 10 pm and
1 °C s~1, showing effect on (a) ferrite-start temperature and (b) allotriomorphic ferrite

volume fraction.
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Figure 9.6: Calculations for steel HO1 for each shape factor K% at d, = 10 pm and
0.1 °C 571, showing effect on (a) ferrite-start temperature and (b) allotriomorphic ferrite

volume fraction.

experimental data from the literature on the equiaxed ferrite grain size and the evolution
of ferrite volume fraction. The values of the site and shape factors were re-evaluated
throughout, to find an optimum set of values for all the steels. The final values were
selected after incorporation of the Widmanstétten ferrite and pearlite models (Section
9.3.4).

9.1.2.1 Ferrite Grain Size Calculations

The allotriomorphic ferrite grain size was determined from the particle density per unit

area, N,, at the austenite grain boundary when all the boundary had transformed, using

1
= (i)
3N,S,

Figure 9.7 shows the variation in d, with K { for the HO1 steel at 0.1 °C s~!, where the

same fraction of allotriomorphic ferrite was formed at each sites value. The grain size

equation 3.41:

(9.5)

decreased steadily as K { increased, because the number density of face sites increases.

The grain size was calculated for a series of commercial steels with compositibns and
austenite grain sizes as in Table 9.1, at cooling rates of 0.14, 0.96, 2.01 and 32.48 °C s™1,
and also for the three steels in Table 9.2 at cooling rates of 1 and 10 °C s~!. Comparisons
between calculated and measured results for the steels are shown in Figure 9.8. The
experimental results were provided by British Steel [115, 116] and CENIM, Madrid [117].
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Grain sizes were measured by the lineal intercept method [112] at magnifications of 500 x.
With the exception of the BS1 results, the errors in the measurements were not quoted.
Firstly, considering the BST steels, the agreement between measured and calculated values
was good for BST1, the difference being usually less than 10 ym. In BST2, and the higher
carbon BST4, 5 and 6, there was a tendency for the model to overestimate the ferrite
grain size, by as much as 20 pum in some cases. The results for the BS steels are good,

with only a slight over-estimation of the fine grain sizes by a couple of microns.

Steel C Si | Mn { Ni/Cr/Cu | Mo/V Al austenite grain sizes (um)
BST1 | 0.095 | 0.21 | 0.84 <0.02 , | <0.005 | 0.006 62, 85, 101, 160
BST2 | 0.097 | 0.21 | 1.35 <0.02 <0.005 | 0.007 38, 57, 104, 290
BST4 | 0.20 | 0.20 | 1.36 <0.02 <0.005 | 0.006 64, 86, 111, 115
BST5 | 0.30 | 0.19 | 0.83 <0.02 <0.005 | 0.006 90, 132, 140, 171
BST6 | 0.31 | 0.19| 1.35 <0.02 <0.005 | <0.005 80, 111, 117, 124

Table 9.1: Composition in wt.% of BST steels for which ferrite grain sizes and volume

fractions were calculated [115].

Steel | C Si | Mn | Ni Mo Cr Cu Al Nb | dy (pm)
BS1 | 0.10 | 0.31 | 1.42 | 0.02 | <0.005 | <0.02 | <0.02 { 0.039 | 0.035 4.2
BS2 | 0.065 | 0.37 | 1.47 | 0.48 | 0.008 | 0.03 | 0.03 | 0.036 | 0.024 8.7
BS3 | 0.21 | 0.32 | 1.10 | 0.02 | <0.005 | <0.02 | <0.02 | 0.028 | <0.005 9.5

Table 9.2: Composition in wt.% of BS steels for which ferrite grain sizes and volume

fractions were calculated [116].

9.1.2.2 Ferrite Volume Fraction Calculations

Data on the evolution of allotriomorphic ferrite fraction with time and temperature during
cooling were obtained from British Steel and CENIM, Madrid [116, 117] for the steels in
Table 9.2. The measurements were obtained by metallography on dilatometric specimens
quenched out at different stages of the transformation. Volume fractions were determined
at British Steel using standard lineal intercept techniques (five traverses each of 50 in-
tercepts) and at CENIM by point counting at 500 X magnification on a 100 point grid.
Comparisons with the computed allotriomorphic ferrite transformation kinetics at 1 and
10 °C s™! are shown in Figure 9.9. It can be seen that the start temperature of the trans-

formation was well predicted, with only a small under-estimation of about 10 °C. The
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Figure 9.7: Calculated effect of the fraction of active nucleation sites, K { , on allotriomor-

phic ferrite grain size in steel HO1 with d, = 10 pm, cooled at 0.1 °C s~

shape of the calculated curves was an excellent fit with the measured progress of transfor-
mation, especially in steel BS2. The final fraction of ferrite was accurately predicted for
BS1 and BS2, but slightly over-estimated by about 10% in BS3, the steel with the highest

carbon content.

The volume fraction calculations for the BST steels will be discussed in a later section

concerning the three phase simultaneous transformation model.

9.2 Allotriomorphic Ferrite and Pearlite

The pearlite model as described in Section 6.3 was the first to be combined with allotri-
omorphic ferrite within the framework of the simultaneous transformation kinetics theory.
The predicted pearlite transformation kinetics were found to be quite rapid. This is due to
two factors. Firstly, the pearlite is assumed not to require nucleation in the sense that each
colony begins from a single grain of ferrite. Secondly, the pearlite grows at a constant rate
since its overall composition is approximately equal to that of the austenite from which it
grows. The variation of volume fraction with temperature in a 0.78 C wt.% steel continu-
ously cooled at 1 °C s~! calculated by the current pearlite transformation model is shown
in Figure 9.10. Complete transformation to pearlite was correctly predicted for this eutec-
toid steel. The model has also been successfully validated for isothermal transformation

against a series of TTT diagrams for near-eutectoid steels [120].
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Figure 9.8: Comparison of measured and calculated ferrite grain sizes in steel (a) BST1,
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are 95% confidence limits).
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Figure 9.9: Comparison of calculated and measured allotriomorphic ferrite volume frac-
tions during continuous cooling in steel (a) BS1 at 1 °C s~%, (b) BS1 at 10 °C s™! (error
bars are 95% confidence limits), (c) BS2 at 1 °C s~!, (d) BS2 at 10 °C s~1, (e) BS3 at
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Figure 9.10: Calculated pearlite volume fraction as a function of temperature for a 0.78

C wt.% steel, austenite grain size 50 um, cooled at a constant rate of 1 °C s~.

A specific experiment was commissioned from British Steel to investigate the rapid
kinetics. Steel BS3 was isothermally transformed at 660 °C, below the experimentally
determined pearlite-start temperature, using a dilatometer. A series of specimens were
quenched out after different holding times and metallographically analysed using standard
techniques to determine the volume fractions of allotriomorphic ferrite and pearlite present
[126]. The austenite grain size was measured as 67+ 6 pum. Figure 9.11 compares the cal-
culated and measured volume fractions as a function of time. It can be seen that the shape
of the allotriomorphic ferrite curve was accurately predicted, as were the final fractions of
both phases, but the fraction of ferrite at each temperature was under-estimated through-
out most of the transformation. The experimental pearlite transformation started much
earlier and evolved more gradually than calculated. The experimental microstructures
show that only bainite and/or martensite was formed during the quench from 660 °C, and

that the pearlite appeared to have genuinely formed during the hold.

One possible explanation for the discrepancy is that because the calculated ferrite vol-
ume fraction is lower than the experimental value at each time, less carbon will have been
calculated to partition into the residual austenite. The austenite carbon concentration will
then take longer to reach the z® boundary composition required for the start of .pearlite
transformation. Figure 9.12a shows the same calculations but with the ferrite fraction
artificially increased at each time by trebling the growth rate. The calculated fraction of

ferrite at the experimental pearlite transformation start time is now very close to the mea-
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sured value. The calculated pearlite-start time has decreased significantly from around
800 s in the original case to about 150 s, which is much closer to the experiment. The
calculated carbon concentration of the austenite (black lines) and 2”¢ boundary (red lines)
for three growth rates are plotted as a function of time in Figure 9.12b. The 27° boundary
concentration and thus the pearlite-start is reached much earlier with the trebled growth
rate. This indicates that the under-estimation of the ferrite fraction and thus enrichment
of the austenite is the reason that the model does not predict the correct pearlite-start

time.

Further verification of the pearlite routine is considered in the next section concerning

the three phase model.
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Figure 9.11: Comparison of calculated and measured ferrite and pearlite volume fractions
for isothermal transformation of steel BS3 (0.21 C 0.32 Si 1.10 Mn wt.%) at 660 °C,

austenite grain size 67 pm. Error bars are 95% confidence limits.

9.3 Three Phase Model

The individual model for Widmanstétten ferrite was combined with the allotriomorphic
ferrite and pearlite model using the overall simultaneous transformation kinetics theory
for heterogeneous nucleation at austenite grain boundaries. Firstly, the general effects
of changing steel composition, austenite grain size and cooling rate were investigated, to
ensure that the model replicated basic metallurgical trends. It was then validated against

sets of experimental data published recently in the literature or specifically generated
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Figure 9.12: (a) Ferrite and pearlite volume fractions for isothermal transformation of

steel BS3 as in Figure 9.11 but with a trebled parabolic rate constant, showing that an

increase in calculated ferrite fraction reduces the pearlite-start time. (b) Calculated carbon
concentration of enriched austenite (black) and z?? boundary (red) for increasing ferrite

parabolic growth rate constants (and thus volume fraction). The intersection of the lines

for each rate constant defines the pearlite-start time.
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for testing the model. The allotriomorphic ferrite nucleation rate parameters were then

reassessed and optimum values chosen for all the data analysed.

9.3.1 Basic Trends

The effect of changing the carbon content of the steel was investigated, by starting with a
0.1 C, 0.5 Si, 0.5 Mn wt.% steel and gradually increasing the carbon up to 0.7 wt.%. The
austenite grain size and cooling rate were kept fixed at 50 um and 1 °C s~1, respectively.
The results are shown in Figure 9.13 and several points can be noted. As expected,
the allotriomorphic ferrite start temperature was suppressed as carbon content increased,
from approximately 800 °C at 0.1 wt.% C down to about 710 °C at 0.5 wt.% C. The
Widmanstatten ferrite transformation start was similarly retarded, from 730 to 675 °C.
The volume fraction of allotriomorphic ferrite decreased from around 0.6 to zero as carbon
increased, and Widmanstédtten ferrite from 0.25 to zero, whereas the pearlite fraction
increased from 0.15 at 0.1 wt.% C up to almost 1 as the steel approached the eutectoid

composition.

The decrease in ferrite transformation kinetics with increasing carbon content is caused
by the reduction in the driving force for the austenite to ferrite transformation and the
retardation of ferrite growth, which is assumed to be controlled by the diffusion of car-
bon in the austenite ahead of the a/v interface. The main effect of increasing the Mn
content in a base 0.2 C 0.01 Si 0.01 Mn wt.% steel, Figure 9.14, was to retard the fer-
rite transformation start, from 800 to 725 °C for allotriomorphic ferrite and 710 down
to 670 °C for Widmanstitten ferrite. Manganese is an austenite stabilising element and
thus reduces the driving force for ferrite formation. The pearlite-start temperature also
decreased from 650 to 600 °C. The Widmanstatten ferrite fraction increased slightly with
Mn content. The allotriomorphic ferrite fraction decreased from approximately 0.6 to 0.5
and was balanced by an increase in pearlite from 0.3 to 0.4. These trends are consistent
with the well-established effects of C and Mn on transformation kinetics, as illustrated, for
instance, in TTT diagram compendia [51], although such diagrams do not contain detailed

information about the fraction of Widmanstatten ferrite.

9.3.2 Published Experimental Data
9.3.2.1 British Steel data

A report published by British Steel [115] provided detailed metallographic data for a
series of C-Mn steels, each cooled in a furnace, air or vermiculite from four different

austenitising temperatures. Five of these steels were selected to test the model (Table
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Figure 9.13: Calculated effect of carbon on a 0.5 Si 0.5 Mn wt.% steel, austenite grain
size 50 um, cooled at 1 °C s™1, with (a) 0.1 C, (b) 0.2 C, (c) 0.3 C, (d) 0.5 C and (e) 0.7

C wt.%.
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Figure 9.14: Calculated effect of manganese on a 0.2 C 0.01 Si wt.% steel, austenite grain
size 50 um, cooled at 1 °C s, with (a) 0.01 Mn, (b) 0.5 Mn and (c) 1.5 Mn wt.%.
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9.1), with compositions ranging from 0.1 to 0.3 wt.% C with 0.8 or 1.35 wt.% Mn. In the
tabulated experimental results, no distinction was made between allotriomorphic ferrite
and Widmanstétten ferrite with just a single “ferrite” volume fraction value quoted (this
is also apparent from the micrographs in the report). The data are suitable for testing
whether the balance between the total ferrite (= allotriomorphic ferrite + Widmanstatten
ferrite) and pearlite is correct in the model. The volume fractions and grain sizes in
the report were determined using the lineal intercept method. Austenite grain sizes were
quantified from 200 grain boundary intersections along a series of diametrical traverses.
Phase fractions and ferrite grain sizes were assessed at 400 to 600 X magnification on
a travelling-stage microscope, using two runs each of 15 mm length per sample. No

assessment of the errors in the measurements was reported.

The pearlitic fraction of the microstructure varied between less than 0.1 in BST1
to more than 0.8 in BST6. The calculated volume fractions of ferrite and pearlite are
compared with the measured results in Figures 9.15 and 9.16, respectively. The large
fractions of ferrite in BST1, BST2 and BST4 were well-predicted. However, two erroneous
data points were observed in both the BST2 and BST4 data, where the calculated ferrite
fraction was several times larger than the measured value. This is because the model pre-
dicted large quantities of Widmanstétten ferrite whereas the experimental samples were
claimed to contain large amounts of upper bainite. Analysis of some of the micrographs
from this report indicated that Widmanstatten ferrite was possibly misinterpreted as bai-
nite, in which case, better agreement is obtained with the calculations. Alternatively, the

calculated results are incorrect because the model does not allow for bainite.

The results for BST5 and BST6 were less sensitive to the austenite grain size and/or
cooling rate than observed experimentally. Although the relative proportions of allotri-
omorphic and Widmanstatten ferrite varied, the total ferrite fraction remained approxi-
mately constant for each steel. Naturally, this was also the case for pearlite, which forms
from the residual austenite. For the same reason, steels BST1, BST2 and BST4 show
good agreement for pearlite.

<

9.3.2.2 Bodnar and Hansen Data

Two published papers by Bodnar and Hansen [127, 128] provided a good source of mea-
sured transformation data on allotriomorphic ferfite, Widmanstatten ferrite and pearlite.
The data cover three steels with a range of austenite grain sizes and cooling rates. The
phase fractions, the ferrite grain size and the Ars temperatures were determined in each
case. The volume fractions were determined by point counting with a 100-point grid; the

grain sizes using the ASTM standard circular intercept method [112]. However, 95% con-
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Figure 9.15: Comparison of measured and calculated ferrite (allotriomorphic + Wid-
manstétten) volume fractions in steels (a) BST1, (b) BST2, (c) BST4, (d) BST5 and (e)

BST6.
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Figure 9.16: Comparison of measured and calculated pearlite volume fractions in steels
(a) BST1, (b) BST2, (c) BST4, (d) BST5 and (e) BSTS6.
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Figure 9.17: Calculated effect of cooling rate on transformation in C-Mn-Si steel with
55 pm austenite grain size, at (a) 0.267 °C s~! (16 °C min~!), (b) 1.65 °C s~}
(99 °C min~1?).

9.3.3 Thermecmastor Data

The thermomechanical simulation experiments on the 0.21 wt.% carbon steel reported in
Chapter 8 are modelled as shown in Figure 9.22. There is evidence in the microstructures
that in some cases pearlite continued to form during cooling in specimens after quenching
which was intended to stop the transformation. The evolution of pearlite therefore cannot

be compared with the calculations.

The calculations do not accurately reproduce the experimental microstructures. The
allotriomorphic ferrite volume fraction, V,,, is generally under-estimated at slow cooling
rates and small austenite grain sizes (Figures 9.22a, b and c), leading to an over-estimation
of Widmanstatten ferrite. The results for 5 °C s™! cooling and the large austenite grain
size (1200 °C) (Figures 9.22d and e) are much better.

The allotriomorphic ferrite start temperature is, however, accurately predicted in Fig-
ures 9.22a, b and ¢, but W, is under-estimated. By contrast, in Figures 9.22d and e, W, is
correct but the F, is over-estimated. Figure 9.23a compares the measured and calculated
room temperature fractions for all phases. Finally, Figure 9.23b shows that in spife of the
difficulties in predicting V., the calculated grain sizes are very similar to the measured
values. (The fraction of allotriomorphic ferrite in the 1200 °C sample was too small to

enable a grain size to be measured properly). This suggests that the nucleation kinetics

127



3

Chapter 9 — Application of the Simultaneous Transformation Model

1.0 1.0
0.8 0.8
g g
5 064 N 5 0.6 -
& &
[+*] Q .
E 0.4 é 04 el
Q
> \"‘ > }\‘
0.2 ) 0.2 :
i I}
3 %
0.0 1 — | L I RN 0.0 1 A T °r T
550 600 650 700 750 800 550 600 650 700 750 800
Temperature ( °C) Temperature ( °C)
@ (b)
1.0
Total
1 —e—s— - Pearlite
084  \ I==-= Widmanstatten
---------- Allotriomorphic
'g 0.6
E .6
[-+]
é 0.4 5
>
0.2
0.0

550 600 650 700 750 800
Temperature ( °c)
(©)

Figure 9.18: Calculated effect of austenite grain size on transformation in C-Mn-Si steel
cooled at 0.98 °C s~ (59 °C min~1) , (a) 30 pm, (b) 55 pm and (c) 100 pm.
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Figure 9.20: Comparison between measured (lines with symbols) and calculated (no sym-

bols) volume fraction in a C-Mn-Si steel as a function of cooling rate, (a) allotriomorphic

ferrite, (b) Widmanstatten ferrite.
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