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Supplementary Figure 1. Kinetics of bainite formation of a Fe-0.24C-1.3Mn-1.5Si-0.6Cr-
0.2Mo0-0.02Ti-0.0003B wt.% steel (3B), with f,, indicating the fraction of prior
martensite. The degree of transformation is calculated as the instantaneous fraction of
bainite divided by the fraction of bainite at stasis. By forming bainite in the presence of
martensite (ii), there is a 37% reduction in the time needed to achieve a degree of

transformation of 0.9.
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Supplementary Figure 2. Heat treatments applied to steels a, 1.5Si, b, 0.6Si, ¢, 0.8C, d,
3B and 17B, and e, 0.3C. In ¢, solid lines represent the treatment in which bainite formation

took place without prior martensite, and dashed lines represent the treatment in which

martensite was formed prior to bainite formation.



Supplementary Note 1

According to Olson and Cohen’s theory of thermally activated martensite
nucleation', which is also utilized to explain bainite nucleation?, the activation energy for

nucleation, Q, is

_ p_A str 2_0-) * p_A * chem (81)
Q—Qo+<Tu+bE +o3)V +(bV)AG ,

where @, is the activation energy for overcoming the short-range barriers to dislocation
movement (e.g. solute atoms), 7, is the athermal resistance to dislocation movement, p, is
the number of atoms per unit area of the closed packed plane, b is the magnitude of the
Burgers vector, ES' is the strain energy, o is the bainite nucleus interfacial energy, np is the
number of atomic planes of the embryo, V* is the activation volume, and AG*™ is the
maximum driving force for bainitic ferrite nucleation considering redistribution of carbon
between bainitic ferrite and austenite.

Nucleation takes place at arrays of dislocations existing at or near interfaces such as
austenite grain boundaries, bainite/austenite interfaces or martensite/austenite interfaces.
Given the different characteristics of these boundaries and interfaces, the activation energy
is different for each site. The sites can differ in their elemental segregation (which affects
AGPe™M) interfacial energy (which affects o), stress state (which affects ES™), and the size of

the defects (which affects np and V™).
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Supplementary Figure 3. Effect of prior austenite grain size on the kinetics of bainite
formation. a, b, Simulations using the parameters of steel 1.5Si as the basis for fine grained
steel. Curves without prior martensite (a) were simulated at 415 °C, and curves with prior
martensite (b) at 345 °C, with 0.20 volume fraction of prior martensite. The fine grained steel
has a PAGS of 13 um, and the coarse grained steel of 100 um. ¢, d, Experimentally measured
effect of PAGS for steel 0.3C (Fe-0.30C-1.3Mn-1.5Si-0.6Cr), with the coarse grained sample
austenitized at a higher temperature (1050 °C) than the fine grained sample (850 °C). ¢ shows
curves at 380 °C, which is above Ms. d shows curves at 318 °C for the fine grained steel and
330 °C for the coarse grained steel. In both cases, a volume fraction of around 0.10 of prior
martensite is present. Different holding temperatures were used because changing the
PAGS changes the Mg of the steel, and if the same holding temperature was used for both
steels, they would have different fractions of martensite. The temperature difference might
be the reason for the slight difference in the kinetics between the fine and coarse grained

steels.



Supplementary Note 2

A theoretical estimate of Sua can be derived by considering that bainite nucleates at
the broad faces of martensite laths or plates. The surface area of the broad face per volume
of martensite, Sy;, can be calculated as 2/t,,, where t,, is the thickness of the martensite
laths or plates. To calculate Swma, it is also necessary to know the distribution of martensite
within austenite grains. Although it is known that at the end of the transformation martensite
is organized into packets and blocks, the initial sequence of martensite formation is less
understood because it is experimentally difficult to observe. A reasonable approximation is
that during the initial stage laths or plates of martensite grow in different crystallographic
directions inside austenite grains, and during the final stage martensite forms in the
untransformed region as parallel laths or plates. This sequence of formation was proposed
by Raghavan, McMurtrie, and Magee®* and has some experimental support in the work of
Nambu et al.5. During the initial stage of martensite formation, Swa can then be approximated

by Eq. (S2)

Sma = Smfmfys (S2)

where fy, is the fraction of martensite and f, is the fraction of austenite. By substituting Sy

for 2/t,,, Eq. (82) can be rewritten as



Sma 2
=

Supplementary Figure 4 shows SMA/fy as a function of martensite fraction for all
three steels for martensite fractions up to 0.20. For each steel, a linear curve was fitted, and
the slope of such curves were used to calculate the thickness of the martensite lath, t,,,
using Eq. (S3). Supplementary Table 1 shows the values of t,, calculated using Eq. (S3) and
using the model for martensite lath thickness developed by Galindo-Nava and Rivera-Diaz-
del-Castillo®, which was validated against experimental measurements of martensite lath

thickness.

0.0 0.1 0.2

Martensite fraction
Supplementary Figure 4. Area of M/A interface per volume of remaining austenite as a
function of martensite fraction. Markers represent points calculated using the values of
Suma found using the analytical model presented here, and solid lines are the best fit linear

curves for each steel.



The martensite lath thickness - calculated using the fitted values of Sy 5 — of Steels
1.5Si and 0.6Si are similar, at 0.24 um on average, while that of Steel 0.8C is finer,at 0.11 pym.
This trend is in close agreement with the prediction of Galindo-Nava’s model. The thickness
calculated using the present model is consistently thicker than the thickness calculated
using Galindo-Nava’s model. This overestimation is possibly due to the assumption that
martensite initially nucleates in different crystallographic directions inside each austenite
grain. If some laths or plates nucleate parallel to each other and share a
martensite/martensite interface instead of a martensite/austenite interface, Eq. (S2) will
overestimate Sua and, consequently, Eq. (S3) will overestimate t,,. A correction factor, Kyu,
can be applied to Eq. (S2) to account for the fraction of parallel martensite laths sharing a

martensite-martensite interface, which then becomes

Sma = KmmSmfmfy, (S4)

with Ky equal to 0.59 in the case of the steels in Supplementary Table 1 - if the thickness

calculated using Galindo-Nava’s model is considered to be the true value of the thickness.

Supplementary Table 1. Thickness of martensite laths or plates.

Steel Martensite lath or plate thickness (pm)
Calculated from Sma Calculated from ref. [24]

0.8C 0.112 0.066

1.5Si 0.238 0.143

0.6Si 0.243 0.143




Supplementary Note 3

The approach in Supplementary Note 2 allows to estimate Sy, during the initial stage
of martensite formation, possibly to fractions up to 0.20, but it overestimates Sy, at larger
fractions. Nonetheless, a good correlation was found between Sy, and the rate of
martensite formation for fractions of martensite of up to 0.7, as shown in Figure 3 of the main
text.

The kinetics of martensite formation is generally represented by the Koistinen-

Marburger (KM) equation’®, which can be written as

fm =1- exp[_am(TKM - T)], (35)

where a,, is the composition-dependent KM exponent term, Txy is the KM martensite start
temperature, which can be around 10 to 30 °C below the experimentally measured Mg. While
Eq. (S5) canyield a fair estimate of the fraction of martensite for a given temperature, it does
not capture the evolution of the rate of martensite formation throughout the transformation.

Magee® showed that the Koistinen-Marburger equation can be theoretically derived by
assuming the number of nucleation events of martensite laths or plates per available

austenite fraction is proportional to the undercooling, that is,

an = _ @(1 — fi)d(AT),

<I|\h



where N is the number of laths or plates of martensite nucleated, V is the average volume of
martensite laths or plates, and ¢ is a proportionality constant value. Following Magee’s
assumption that V is constant throughout most of the transformation, Eq. (S6) can be
integrated to yield Eq. (S5).

The assumption in Magee’s work, and in the Koistinen-Marburger equation, is that the

rate of martensite formation per austenite fraction is constant, which can be represented as

dfm 1 _ (S7)
ar1-f, G

However, Eq. (S7) does not match the experimentally measured kinetics of
martensite formation. The rate of martensite formation per available fraction of austenite is
not constant, as Supplementary Figure 5 shows. Instead, the rate firstincreases linearly with
martensite fraction, reaches a maximum at a fraction of around 0.20, and then slowly
decreases. Therefore Koistinen-Marburger equation, and consequently Magee’s theory, only
represents the average rate of martensite formation from Mg to the quenching temperature.
The KM equation and Magee’s theory are unable to represent the rate of martensite formation
because they do not include the effect of autocatalysis, which is a crucial aspect of

martensite formation'"".
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Supplementary Figure 5. Kinetics of athermal martensite formation for steels 0.6Si and

1.5Si measured by dilatometry.

When a martensite lath or plate forms, it deforms the surrounding austenite. The
deformation creates defects in the austenite at which more martensite can nucleate, thus
creating the autocatalytic effect in martensite formation. Most of the martensite laths or
plates nucleate by autocatalysis from these sites that are created during the transformation,
not from initially present defects®'>'3, To introduce autocatalysis in Magee’s theory, the term
@(1 — f,) in Eg. (S6) needs to be substituted by the existing number density of potential
nucleation sites for martensite. Since the new potential nucleation sites are created in the
austenite surrounding the martensite, the number density of these new potential nucleation
sites can be considered proportional to the area per volume of the M/A interface. With this

modification, Eq. (S6) becomes
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dfm
dN = = (@i + aSma)d(AT),

\H

(S8)

<:||

where g; is the initial value of ¢, which is related to the initial potential nucleation sites, and
@A i1s a proportionality constant related to the potential nucleation sites created by
autocatalysis. Since autocatalysis dominates over the initial nucleation rate even at
martensite fractions as low as 0.01 (see the slow initial rate in Supplementary Figure 5, and

the works of refs.>'21%) Eq. (S8) can be approximated as

d
an =~ g\ Suad(ar)
and, from Eq. (S9) and following Magee’s assumption of approximately constant V

throughout most of the martensitic transformation,

df (S10)
ar ~ KSun

where K is a proportionality constant.
In the main text it was shown that the main parameter controlling the acceleration

that martensite induces in bainite formation is the number of new potential nucleation sites

created at M/A interfaces. From Eqgs. (1) and (4), dNMA/dt & Spa, Which in combination with

Eq. (S10)yields

11



% o dNya (S11)
dT dt

Egs. (S8) to (S11) give the theoretical background for the correlation shown in Figure
3b. Physically, this correlation indicates that when martensite forms, the surrounding
austenite is strained, and the defects created (such as dislocations and the M/A interface

itself) can act as nucleation sites for bainite and martensite.
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Supplementary Note 4

Supplementary Figure 6 compares the kinetics of bainite formation with and without
the presence of martensite for steel 1.5Si, 0.6Si, and 0.8C at different isothermal holding
temperatures. The y-axis on the graph in Supplementary Figure 6a is the combined fraction
of martensite and bainite, and the curve with prior martensite is shifted in time so that it
starts from the same point as the curve without prior martensite, as proposed in the work of
Smanio and Sourmail’™. The plot in Supplementary Figure 6a directly compares the
accelerating effect of prior martensite with the accelerating effect of an equal fraction of
bainite (autocatalysis). In Supplementary Figure 6b, the difference between the curves is
plotted.

For Steel 0.8C, the samples were either transformed to bainite directly after
austenitization by quenching to the desired temperature of bainite formation (230 to 330 °C)
or by quenching to 170 °C to form prior martensite and reheating the desired temperature of
bainite formation (230 to 330 °C). This approach allows directly comparing the kinetics of
bainite formation with and without the presence of prior martensite. However, for the low
carbon steels, bainite was formed in the presence of martensite by a one-step treatment
below Mg, and it is not possible to experimentally make the same comparison as for Steel
0.8C. Thus, the model developed in the present work was used to simulate the kinetics of
bainite formation without the presence of martensite in treatments below Mg for the low
carbon steels.

For the three steels, the acceleration by martensite is stronger at higher

temperatures. The difference does not seem to be controlled by the fraction of martensite or

13



the area of M/A interface. For steel 0.6Si, the difference in acceleration by prior martensite
and the autocatalysis in bainite formation is higher at 350 ° than at 345 °C, despite Sy 5 being
higher at 345 °C than at 350 °C. For steel 0.8C, Sy is the same regardless of the temperature
atwhich bainite is formed; still, the acceleration is more pronounced at higher temperatures.

Smanio and Sourmail' reported that for a 100Cr6 steel the accelerating effect of 0.15
or 0.30 volume fraction of prior martensite was the same as the autocatalytic acceleration
from a similar fraction of bainite for bainite formation at 220 and 250 °C. The same effect was
observed in steel 0.8C at 280 °C. However, at 230 °C, martensite accelerates less than a
similar fraction of bainite; and at 330 °C, it accelerates more. Thus, the effect reported by

Smanio and Sourmail is rather a temperature-dependent effect than a general one.
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Supplementary Figure 6. Comparison between acceleration by martensite and
autocatalysis in bainite formation for steels 1.5Si (top), 0.6Si (middle), and 0.8C
(bottom). (a) kinetics of bainite formation with and without prior martensite, with the curves
with prior martensite shifted in time to match those without prior martensite. (b) difference

between the curves with and without prior martensite.
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Supplementary Note 5

To investigate if the more intense acceleration at higher temperatures is an effect
intrinsic to the temperature of bainite formation or if it is related to phenomena taking place
during martensite tempering (e.g. stress relaxation), we performed an additional experiment
with steel 0.8C. In this extra experiment, after quenchingto 170 °C, the specimen was heated
to 330 °C, held for 10 s, and cooled back down to 230 °C, as shown in Supplementary Figure
7a. The results of the experiment were compared to the results of the treatment in which the
steel was heated directly to 230 °C after quenching to 170 °C.

Supplementary Figure 7b shows the relative change in length (RCL) for the two
treatments during reheating from the quenching temperature of 170 °C. At around 280 °C, a
deviation from linearity indicates that bainite started to form in the steel that was being
heated to 330 °C. A volume fraction of 0.05 to 0.10 of bainite was formed during heating to
330 °C and holding for 10 s. Thus, if the higher intensity of acceleration at higher
temperatures is due to the aspects that are related to martensite tempering (such as stress
relaxation and carbon partitioning away from the M/A interface), then these phenomena
have already started taking place during heating to 330 °C. Ribamar et al.’® studied the stress
relief in austenite during tempering of a steel similar in chemical composition to steel 0.8C
by in situ synchrotron X-ray diffraction. While at 230 °C almost no stress relief had taken
place, at around 300 °C a sharp drop in residual stress started taking place.

Supplementary Figure 7c shows that the kinetics of bainite formation during holding
at 230 °C is mostly unaffected by reheating to 330 °C. The main difference between the two

curves is that the RCL at the end of the treatment is slightly smaller for the sample reheated
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to 330 °C, possibly because this sample already had some 0.05 to 0.10 of bainite formed

before the start of isothermal holding. Such a result indicates that the stronger acceleration

induced by martensite at higher temperatures is related to an intrinsic effect of temperature

and not to other aspects such as martensite tempering, redistribution of carbon, or stress

relief. According to the results of our model, such intrinsic effect of temperature is related to

the effect of temperature on the size of bainite sub-units.
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Supplementary Figure 7. Kinetics of bainite formation in the presence of martensite at 230

°C for steel 0.8C with and without an intermediate heating to 330 °C. (a) Time temperature

profile of the two treatments. (b) Relative change in length during heating to 230 °C or 330 °C

after quenching to 170 °C. (c) Relative change in length during isothermal holding at 230 °C.
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Supplementary Note 6

For the low carbon steels, the samples were quenched from the austenitization
temperature to an isothermal holding temperature below Mg. Because of its athermal
nature, martensite is expected to form only during this quenching. Bainite, on the other hand,
is expected to form not during quenching but during isothermal holding, as itis a thermally
activated transformation. To distinguish the phase fraction of martensite and bainite, it is
therefore important to accurately choose a point in time that marks the transition between
quenching and isothermal holding. Before this point, any transformation product is
considered martensite. After this point and during holding, any transformation product is
considered bainite. This seemingly simple distinction is, in fact, not trivial.

Navarro-Lépez et al.’® used the temperature measured by a thermocouple welded to
the center of the samples to differentiate cooling from isothermal holding. They considered
the point zero for the start of bainite formation as the time at which the temperature reached
its lowest value during cooling. Following this procedure, they found that prior martensite
accelerated the initial nucleation rate of bainite by two orders of magnitude.

The procedure of Navarro-Lépez et al., however, overlooks the thermal gradients
present in the dilatometry sample. The thermocouple in the center is used for temperature
control, and thus it closely follows the programmed time-temperature profile. On the other
hand, the border of the samples, which is in contact with the cold pushrods, is always at a
lower temperature than the center?®?' and is not automatically controlled by the dilatometer.
Hence, at the time zero chosen by Navarro-Lépez et al, the border of the sample could still

be cooling down and forming martensite.
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In the experiments for steel 0.6Si and 1.5Si, in addition to the thermocouple welded
to the center of the sample for temperature control, a second thermocouple was welded at
approximately 1 mm from the border of the sample. The temperature reading from the
second thermocouple was recorded but not used for temperature control. Supplementary
Figure 8a shows the temperature at the center and at the border of the sample for steel 1.5Si
treated at 345 °C. Time zero is chosen following the procedure of Navarro-Lépez. During the
first seconds of isothermal holding, the temperature at the center of the sample is stable; at
the border of the sample, the temperature is still decreasing for around 5 seconds, and it
cools down to 325 °C. During these 5 seconds, martensite is forming at the border of the

sample. The rate of martensite formation can be calculated as:

dfm,border — dTborder dfm
de dt dT ’

Thorder

(S12)

where fi porderiS the fraction of martensite at the border of the sample and Tyorger is the
temperature at the border of the sample. If the average temperature of the sample is
estimated to be the average between the temperature at the center (which is constant during
isothermal holding) and at the border, the rate of martensite formation during the first

seconds of isothermal holding can be estimated as half of the rate calculated from Eq. (512),

dfm - ldfm,border (81 3)
de 2 dt
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Supplementary Figure 8b shows that the rate of transformation at the beginning of
isothermal holding at 345 °C for steel 1.5Si is 0.08 s™. This rate of transformation is
calculated based on the change in length of the sample, AL. Since bainite and martensite
cause the same change in length, which is dictated by the difference in molar volume
between FCC and BCC, the rate of transformation calculated using AL is the sum of the rate
of bainite and martensite formation. While the experimental rate is 0.08 s™, the rate of bainite
formation calculated from the modelis only 0.02 s™. However, the sum of the rate of bainite
formation, calculated from the model, and of martensite formation, calculated using Eq.
(S13), matches well the experimental rate of transformation. Therefore, the high initial
transformation rate originates from martensite forming at the border of the samples rather
than from bainite formation.

To confirm if martensite formation at the border of the sample was also the reason for
the extremely high initial transformation rate found by Navarro-Lopez et al., we repeated
their experiments using a second thermocouple welded at 1 mm from the border of the
sample. The same samples, dilatometer, and parameters from Navarro-Lopez were used.
Supplementary Figure 8c shows again that during the first seconds, the temperature is
stable at the center of the sample, but it is still cooling down at the border. The temperature
at the border took around 12 seconds to stabilize, which is longer than the five seconds for
steel 1.5Si. The difference might be because of the different sample geometry (plate vs
cylinder) and atmosphere. In the experiments of Navarro-Lépez, a helium atmosphere is

kept during the beginning of isothermal holding. For steel 1.5Si, the chamber starts being
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pumped after fast cooling to 450 °C. Longitudinal thermal gradients are milder when the

dilatometer chamber is under vacuum than when it is filled with helium?'.

a 370 1.5Si b 1.5Si
: dilatometry sample R 0.08 3
N e e ¢
—~ . (pushro ushro
5 | Aoy
o 350 : -
=] Tenter 5
e B 004 experimental
g 340 g "] * 7 (fromAL)
=] L
8 5 "eee
330 - % 0.02 A Ml TN o
LN L
. ' & N\ bainite ¢ TeTeen
320 T T T T T | (from model)
0.00 T T ]
2 0 2 4 6 8 10 0 5 4 6
Time (s) Time (s)
C 330 - Navarro-Lépez et al. d s Navarro-Lépez et al.
320 - dilatometry sample )
Z >
o (pushrod]| ( Eushrod{ ) <
5\)’ 310 - ’ 3 S 0.2
Q ®©
‘g 300 J Tcenter g
2 5 |°
£ 290 501
= s experimental
280 T . from AL
g e Sy
270 T —— —— 0.0 000000, 000, 20
2 0 2 4 6 8 10 12 14 0 2 4
Time (s) Time (s)

Supplementary Figure 8. Borders of dilatometry samples, which are in contact with cold
pushrods, are still cooling during the first seconds of isothermal holding, and thus
martensite is still forming and accounts for the high initial rate of transformation. a, c,
Temperatures measured by thermocouples welded to the center of the sample and at 1 mm
from the border of the sample for steel 1.5Si and the steel used by Navarro-Lépez et al.,
respectively. b, d, Initial rate of transformation (bainite and martensite) calculated using the
measured AL, rate of martensite formation calculated using Eq. (S13), and rate of bainite
formation calculated using the model for steel 1.5Si and the steel used by Navarro-Lopez et
al., respectively. For steel 1.5Si, six repetitions of the experiment were made. Three
repetitions followed the cooling profile from the Methods section, and the other three had

constant cooling rate of 50, 100, and 200 °C/s. All six experiments gave fairly similar results
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and are shown in a using transparent lines. The solid, opaque lines in a and b are the average

from all six experiments.

The initial rate of transformation for Navarro-Lopez et al’s steel is 0.23 s™.
Supplementary Figure 8d shows that this high initial rate can be fully accounted for by the
martensite formation calculated using Eq. (S13). After 12 seconds, when the temperature at
the border is stable, the rate decreases by a factor of 200 to less than 0.001 s™, which is in
the same order of magnitude as for the samples without prior martensite’??, Because the
second thermocouple was welded at 1 mm from the border of the sample, it cannot be ruled
out that even after 12 seconds the regions closer to the border are still cooling down and a
small fraction of martensite is still forming.

The results presented in Supplementary Figure 8 show that the acceleration of bainite
nucleation by a factor of two orders of magnitude reported by Navarro-Lépez et al. was, in
reality, an overestimation resulting from an artifact of measurement. Such an artifact is
inherent to the quenching dilatometers based on induction heating, which are routinely used
in scientific and technological works to measure the kinetics of phase transformations.
Thus, the incorrect interpretation by Navarro-Lépez et al., used here to illustrate this artifact,
might be present in similar studies carried out by other researchers. For instance, Ravi et
al.??> modeled bainite formation at the M/A interface using the high initial nucleation rate,
which may be, in reality, mostly martensite formation.

Given this artifact, it is difficult to accurately measure the initial rate of bainite
formation and to differentiate martensite and bainite formation. In steels in which bainite

formation is slow and a negligible fraction is expected to form in the first 10 to 20 seconds of
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isothermal holding, all the transformation that happens during this time can be considered
to be martensite. However, that is not the case for steel 1.5Si. The rate of bainite formation
is estimated to be around 0.02 s~ during the first seconds of isothermal holding, and thus,
in the first 10 seconds, up to 0.20 volume fraction of bainite could be formed. To better
differentiate bainite and martensite in this case, it is useful to use the model presented in
this work to estimate the rate of bainite formation. The rate of martensite formation can be
modeled using an exponential decay type expression, such as the expression Ravi et al. used
to model bainite nucleation at the M/A interface?. In either case, it is good practice to use a

second thermocouple welded to the border of the sample.
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Supplementary Note 7

The experimental kinetics of bainite formation for steel 3B at 430 °C (without prior
martensite) was used to find the model fitting parameters that were used as the basis for the
simulations shown in Figure 5. The extracted values were Qg = 241.5 klJ/mol, Qgp = 232.4
kJ/mol, X}, = 0.0088 at.fr. (X0 = 0.0109 at.fr.).

The effect of boron was simulated as a 5 KJ/mol increase in the activation energy for
grain boundary nucleation (Qagg = 246.5 klJ/mol), while Qg and X;, were kept constant. The
value of 5 KJ/mol was chosen because its effect is qualitatively in line with experimental
observations of the ratarding effect of boron on bainite formation kinetics.

From Eq. (S1), the overall contribution of the creation of new interfaces to the
activation energy for bainite nucleation is 20V*/(npb), where o is the average energy of the
creation of the new interfaces. Assuming np equal to 10 atomic planes’, and V* equal to 60
atomic volumes of iron, a 5 kJ/mol increase in Q would be caused by a 21 mJ/m?increase
in o.

Considering that bainite nucleates inside an austenite grain y; at its boundary with

austenite grain y,, o can be estimated as

5= 98/v,48/v, T 98/v, 4By, — Oy /v, 4By, (S14)

AB/Y1 + AB/vz
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where 0;/; is the average energy of the i/j interface and A;; is the area of the i/j interface.
In Eq. (§12), the term g, ;,,Ap/y, Captures the elimination of part of the y; /y, boundary by
the bainite nucleus.

Following Prithiv’s’” suggestion that boron alloying decreases gy, by 170 mJ/m?, the

Iy
overall decrease in ¢ by 21 mJ/m? means that Ag/y, corresponds to 12% of the total
interfacial area of the nucleus.

To predict the kinetics of bainite formation at 360 °C with a fraction of prior martensite
of 0.20, it is necessary to estimate the values of Q, X,,,, and Sya. Following the linear
relationship of temperature and activation energies shown in Figure 3, we assumed that
Qacgp and Qg decrease at arate of 420 J/(mol K). Therefore, at 360 °C, Qagg Was 212.1 kJ/mol
for steel 3B and 217.1 kJ/mol for steel 17B, and Qg was 203.0 kJ/mol for both steels. X},
was assumed to be constant, at 0.0088. The parameters for bainite nucleation at M/A
interfaces were assumed to be the same for steels 3B and 17B, given that boron has
negligible effect on the formation of martensite’. Qy4 was assumed to be 207.5 kJ/mol,
which is the average of Qagg and Qga for steel 3B. The choice of estimating Qya as the
average between Qg and Qg, is based on the results of Figure 3. Since steels 3B and 17B

have the same carbon content as steels 1.5Si and 0.6Si (0.24 wt.%), Sya Was assumed to be

1.25x10° m™ at f;,, = 0.20, consistent with the values found for 1.5Si and 0.6Si (Figure 3).
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Supplementary Figure 9. Boron addition slows down austenite decomposition into
ferrite and pearlite at 650 °C. a, fraction of austenite decomposed as a function of
isothermal holding time for steel 3B and 17B. b, rate of fraction of austenite decomposed as
a function of the fraction of austenite decomposed for steel 3B and 17B. There are two peaks
in the rate, with the first being decomposition to proeutectoid ferrite and the second to
pearlite. The addition of boron affects only the ferrite formation, since this reaction starts at

austenite grain boundaries.

26



®iso C 3 at.%
® Fe

(¢}
(o]
Q.
N
o

. BCC FCC BCC 1202+ 31p3+ 120+
6l | 1
& E j 11g2+ .
5 : . » 12 - .B. 10+ | "B
= : ! < 1082+
g 41 ‘ i 3
I ' (&)
8
G2 1
O
0 — T - ——
0 _10 20 3 4 5 6 7 8 9 10 11 12 13
Distance (nm) Mass to charge ratio (Da)

Supplementary Figure 10. APT results showing no boron segregation to BCC/FCC

interfaces. a, SEM image of the area from which the APT tip was taken. b, 3D map showing

the distribution of iron (blue) and carbon (yellow) atoms. Red indicates the isoconcentration

surface at 3 at.% of carbon. ¢, Chemical composition along the region of interest delimited

by the turquoise cylinder in b. d, mass to charge ratio of all detected ions showing that no

signal coming from boron was detected, indicating that the concentration of boron is 10

ppmw or below, which is the detection limit of this technique. Blue vertical dashed lines

indicate the position of possible peaks coming from boron.
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Supplementary Note 8
According to the model proposed by Da Rosa et al.?%, based on McLean’s segregation

equation?, the excess solute at the austenite grain boundaries, I', is calculated as

AG
Seg), (S15)

I' = [ axXexp (— kT
where I, is the excess solute for full site saturation — taken as 32.7 at/nm? —, X is the
concentration of boron at the vicinity of austenite grain boundaries — taken as the nominal
boron content—, AG;, is the Gibbs free energy of segregation — calculated as -0.707 eV/atom
at the austenitization temperature of 900 °C, kg is the Boltzmann constant, and T is the
temperature in Kelvin. X was taken as the nominal boron content because according to Da
Rosa’s model, the solubility of boron in austenite at 900 °C is 20 ppm in weight, and thus all

boron is expected to be in solid solution even for the 17B steel.
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Supplementary Note 9
The hardenability of low and medium alloyed steels, quantified by the critical cooling

rate (g,) to form a fully martensitic microstructure, can be estimated as®

Ing, = 16 — 4.62w¢ — 1.70wyy, + 4.00w,, — 0.50we, — 6.00wy, — 0.54wy; — 550wg, (S16)

where w; is the content in wt.% of element i and g, is in °C/s.

Based on Eq. (S16), on the average price and equivalent CO, emissions to produce
ferroalloys used in steelmaking, Gramlich et al.*® compared the economic and
environmental impact of adding common alloying elements with the goal of increasing the

critical cooling rate by a given factor.

Supplementary Table 2. Economic and environmental impact of different elements
used as alloys to increase hardenability in steels. The content of each alloying element is
the content necessary to yield the same increase in hardenability as alloying the steel with

20 ppm of boron.

Cr Mn Ni Mo B
w; wt. % 2.25 0.65 2.05 0.20 0.002
cost USD/ton of steel 85.0 8.4 250 53.8 0.22
CO,eq. kg/ton of steel 123 11.5 1117 203 0.22
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Supplementary Note 10

The carbon enrichment of the austenite is another aspect that needs to be
reevaluated when prior martensite is present, as carbon can partition from martensite to
austenite. To accurately calculate the kinetics of carbon partitioning from martensite to
austenite, it is necessary to solve diffusion equations for a 1, 2, or 3D representation of the
microstructure. In the present work, the calculation is simplified by assuming that the
kinetics of carbon partitioning from martensite follows the previously assumed kinetics of
carbon partitioning from bainite.

At any time, the carbon content in the austenite can be calculated as

(S17)

where X, is the total carbon partitioned from bainite and martensite to austenite, and f,
is the fraction of austenite.

Supplementary Figure 11 shows the calculated fraction of carbon partitioned to the
austenite, X,,r¢, @s a function of bainite fraction for a theoretical case in which prior
martensite is present. The parameters used in the calculation are given in the Figure’s
caption. At the beginning of the transformation, carbon partitioning is still negligible. The
total carbon partitioned then increases linearly with respect to the bainite fraction, until the
reaction reaches stasis. At the end of the transformation, the total fraction of carbon

partitioned to austenite is fS®55(X — X)) + £, (X — X)), where 595 js the fraction of
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bainite at stasis — which can be calculated by combining Eq. (2) and Eq. (S17) and setting

T, = T.Atany point of the transformation, the carbon content in austenite can be calculated

as
tasis r & _
X _X+ft)s aSIS(X_Xb)-l_fm(X_Xm) fb
Yy 1 _f _ f fstasis'
b m b

0.012 e - .
- b ablé(X _Xb) +fm(X _Xm)
.
=i
"c'u; 0.010 T,
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Supplementary Figure 11. Calculated curves of carbon partitioned to austenite and T,

as a function of bainite fraction for a theoretical case. The total fraction of carbon

partitioned to austenite (X,

art> Solid black curve) is the sum of the carbon partitioned from

bainite (dashed green curve) and carbon partitioned from martensite (dashed red curve).

When T (solid cyan curve) reaches the temperature at which bainite is being formed, the

reaction halts. The parameters used in the calculation were: X = 0.02, X, = X,,, = 0.005,

fin =02, Tiz =800K, T =500K, C, = 7500 K/at. fr.
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Supplementary Note 11

Autocatalysis can only start after sub-units of bainite have been formed at initially
present potential nucleation sites. When martensite is present, there are two possible sites
for nucleating the initial sub-units that give rise to autocatalysis: prior austenite grain
boundaries and the M/A interface. Considering that Cyagg Sub-units can form by
autocatalysis from the first sub-unit formed at the AGB, and that C 5 Sub-units can form

by autocatalysis from the first sub-unit formed at the M/A interface,

dfga = Caace(1 — faga Ddfee + Cama(l — fga)dfma, (S19)

with the term (1 — fga**) correcting for hard impingement of bainite sheaves'®. C5 ya can be

found by integrating Eq. (S19) considering fagg = 0 and applying the boundary conditions

that fga** = 0 when no bainite has yet nucleated at the M/A interface and fga®* =1 —

aen — IMAY — fm When fua = fuax. The latter boundary condition states that once all the
M/A interface has been consumed by bainite nucleation, all the area marked as the fraction

of bainite nucleated at B/A interfaces in Figure 1b becomes available for autocatalysis, even

if no bainite has nucleated at the austenite grain boundaries yet. Then, C4 4 is found to be

Cama = ———B_MA 0 (S20)
MA
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The boundary conditions applied for C pgp are analogous to those used for deriving

Cama-At fua = 0, fga®* = 0 when no bainite has nucleated at AGBs, and fgh™* = 1 — fiGE —

max

AT — fm When face = facs - Then, integrating Eq. (S19) and applying the proposed

boundary conditions yields

ln(fmax+fmax +f )
CA,AGB - _ AGB MA m . (821)

max
AGB

By integrating Eq. (S19), solving for fgh®*, and including the condition that fzgh®* can
never be greaterthan 1 — fo¢s — fva - — fm, the final expression becomes Eq. (8).

The rightmost illustration in Figure 1b shows there is a region of the austenite grain in
which bainite can form either by AGB or M/A nucleation. The fraction of the austenite grain
that is occupied by this region can be calculated as the product (Saggtr) - (Smaly), Which
is the extended volume of such a region (volume not counting for overlap). The relative
fraction of this region that will be consumed by eacth type of nucleation depends on their
relative kinetics. As we consider ngagg = ngsma, the relative kinetics is controlled solely by

the activation energies for nucleation. Using a simple weighted average, the fraction of

bainite nucleated at the overlap region by nucleation at AGBs is

Qma
exp (— M4
ﬁXerlap = (Sacaur)(Smaur) 0 ( RT) Oy (S22)
exp (—<42) + exp (=)
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By subtraction for°"'* from the extended volume for nucleation at AGB interfaces (Sagpuy),

we arrive at Eq. (7). Following the same procedure for f;ggrlap, we arrive at Eq. (9).
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