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An attempt is made to model the transition from upper to lower bainite in steels,
based on the hypothesis that bainitic ferrite grows with a supersaturation of carbon
in solid solution. The theory involves a comparison between the time required to
reject the excess carbon into the residual austenite by diffusion and the time required
to obtain a detectable degree of cementite precipitation in the bainitic ferrite. If the
precipitation process is relatively rapid, then it is assumed that lower bainite is
obtained. The results are found to be in broad agreement with published
experimental data.
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List of symbols
B, bainite start temperature
¢ thickness of cementite plate
D diffusivity of carbon in austenite, m? s~ !
D weighted average diffusivity of carbon in
austenite, m? s~ !
D, diffusivity of carbon in ferrite, m?s~!
S/ volume fraction of cementite particles
Gt activation free energy of nucleus formation on
a dislocation, J mol !
G% activation energy for transfer of atoms across
nucleus/matrix interface, J mol !
h Planck’s constant, J s
H, hardness of as quenched virgin martensite
Hy hardness of martensite when all carbon has
precipitated, but before onset of recovery or
coarsening of cementite particles
Hit} hardness of martensite at time ¢ during
tempering
Hy hardness of martensite
AHy change in hardness of martensite due to
cementite precipitation during tempering
I nucleation rate per unit volume, m~3s™!
k, ko rate constants in Avrami type equation
k., k, coefficients of ¢, and A in equation of yield
strength of martensite
| radius of cementite plate
L, lower bainite start temperature
M, martensite start temperature
n rate constant in Avrami type equation
NY number of atoms per unit volume which are on
dislocation lines, m 3
Ny number of cementite particles at completion of
precipitation, m ™3
p Péclet number
Q effective activation energy for cementite
precipitation, J mol ™!
r average cementite particle radius, m
ro average cementite particle radius before onset
of Ostwald ripening
R universal gas constant, Jmol ! K~!
S1, S, functions of p in equation (26)
t time,s
tc time required for carbon concentration in
ferrite to decrease to specified level, s
tq time required to decarburise plate of bainitic
ferrite of thickness w
t, time required to obtain detectable amount of
¢ carbide in bainitic ferrite
ty time required to obtain detectable amount of
cementite precipitation in bainitic ferrite
T absolute temperature
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temperature at which parent and product phases
of identical composition have same free energy
edgewise growth rate of cementite plates, m s~ ?
velocity of flat interface which is controlled by
interface kinetics only, m s~ !

volume of cementite plate, m?

maximum volume fraction of cementite

partial molar volume fraction of solvent in
cementite

thickness of plate of bainitic ferrite, m

average carbon concentration in steel, mole
fraction

carbon concentration at T} curve, mole
fraction

carbon concentration in ferrite

carbon concentration in ferrite which is in
equilibrium or paraequilibrium with austenite,
mole fraction

carbon concentration in austenite

carbon concentration in austenite which is in
equilibrium or paraequilibrium with ferrite,
mole fraction

carbon concentration in ferrite which is in
equilibrium or paraequilibrium with cementite,
mole fraction

carbon concentration in cementite which is in
equilibrium or paraequilibrium with ferrite,
mole fraction

carbon concentration in y which is in
equilibrium or paraequilibrium with cementite,
mole fraction

one dimensional parabolic thickening rate
constant, m s~ /2

lower bainite

upper bainite

aspect ratio of cementite plates

constant in nucleation function of cementite
lengthening rate of cementite plates, ms ™!
austenite

capillarity constant

average distance between particle and its two
or three nearest neighbours

¢ carbide

average transverse thickness of martensite cell
structure

number of cementite particles/unit volume, m 3
cementite

interfacial mobility

extended volume fraction of cementite
normalised by its equilibrium volume fraction
at reaction temperature V§

volume fraction of cementite at time ¢
normalised by its equilibrium volume fraction
at reaction temperature V§
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p dislocation density in ferrite, m ™2

o interfacial free energy per unit area between
ferrite and cementite, J m ™2
oc solid solution strengthening effect of carbon,
MNm?
o, intrinsic strength of martensite, MN m ™~
o, residual strength of martensite, MN m~
yield strength of martensite, MN m ™2
change of yield strength, due to cementite
precipitation in initial stages of tempering,
MNm 2
7 incubation period for cementite precipitation, s
¢ radius of curvature at advancing tip of plate, m
¢. critical radius for growth at which
concentration difference in matrix vanishes in
absence of interface kinetics, m
Q, dimensionless supersaturation parameter

2
2

Introduction

Bainite can be regarded as a non-lamellar mixture of ferrite
and carbides, but within this broad description, it is
possible to identify two classical morphologies, traditionally
called upper and lower bainite (e.g. see Ref. 1-4). Lower
bainite is usually obtained by transformation at lower
temperatures, although both phases can sometimes be
found in the same microstructure. Both upper and lower
bainite tend to form as aggregates (sheaves) of small
platelets or laths (subunits) of ferrite. The essential difference
between upper and lower bainite is with respect to the
carbide precipitates. In upper bainite, the bainitic ferrite is
free of precipitation, any carbides growing from the regions
of carbon enriched residual austenite which are trapped
between the subunits of ferrite. By contrast lower bainitic
ferrite contains a fine dispersion of plate-like carbides (e.g.
¢ carbide or cementite) within the bainitic ferrite plates.
The transition between upper and lower bainite is
generally thought to occur over a narrow range of
temperatures. There are circumstances where both phases
can form simultaneously during isothermal transformation
close to the transition temperature.®> The first clear
indication of the mechanism of the transition emerged
from the work of Matas and Hehemann,® whose experi-
ments on several steels (containing 0-38—1-0 wt-%C) indi-
cated a narrow transition temperature range centred around
350°C, irrespective of steel composition. They suggested
that the difference between upper and lower bainite is
related to the kinetics of carbide precipitation from ferrite.
In their model, both upper and lower bainite form with a
supersaturation of carbon, but with the former, almost all
of the excess carbon is rejected into the residual austenite;
with lower bainite, carbon precipitates rapidly in the
supersaturated ferrite, so that the amount that diffuses into
the residual austenite is reduced. The relatively constant
transition temperature was explained by suggesting that
¢ carbide will, for some reason, not precipitate from ferrite
at temperatures above ~350°C. The ¢ carbide was
envisaged as a precursor to the formation of cementite.
While the Matas and Hehemann model is intuitively
reasonable, their assertion that the transition temperature
L, is constant for all steels is not consistent with other
experimental results.>’~1° The transition temperature can
be as high as 500°C and is found to vary with the carbon
concentration. The model also requires the carbide in lower
bainite to be ¢ carbide, which might then convert to
cementite on further tempering. Later work has shown
that it is possible to obtain lower bainite containing the
appropriate cementite particles, without any ¢ carbide as a
precursor.!! Franetovic and co-workers!?'!3® have also
reported lower bainite containing 5 carbide (Fe,C) in a

SUPERSATURATED FERRITE

—

UPPER BAINITE LOWER BAINITE

lower bainite is obtained when time required for excess carbon to
partition from supersaturated ferrite into residual austenite becomes
large relative to time required to precipitate cementite within bainitic
ferrite; note that any carbon enrichment of residual austenite may
eventually lead to precipitation of further carbides, as illustrated
above

1 Schematic illustration of transition from upper to
lower bainite

high silicon cast iron and there is no reason to suppose
that precipitation temperature and behaviour of # carbide
should be similar to that of ¢ carbide. It is also difficult to
explain why ¢ carbide should not precipitate from ferrite
at temperatures above 350°C.

Pickering® found that L increases initially, then decreases
to ~350°C, becoming independent of the carbon concen-
tration beyond ~0-8 wt-%C. His explanation of the
transition is essentially the same as that of Matas and
Hehemann,® that the transition to lower bainite occurs
when the rate of carbon diffusion from ferrite is slow, so
that the carbides have an opportunity to precipitate.
However, the model does not account for any changes in
the kinetics of carbide precipitation as a function of carbon
concentration. Similar results have been obtained for more
heavily alloyed steels, where the peak in the experimental
transition curve is found to shift to lower carbon concen-
trations.® Pickering suggested that for high carbon steels
(where the transition was claimed to be insensitive to
carbon concentration), the cementite precipitates directly
from the austenite, as its carbon concentration x” exceeds
the concentration x? which is given by the extrapolated
7/(y + Fe;C) phase boundary; this does not explain the
formation of carbides within the bainitic ferrite.

To summarise, a plausible model for the transition from
upper to lower bainite could be constructed from the
assumption that there is no fundamental difference in
transformation mechanism between these two forms of
bainite, if the bainitic ferrite is, when it forms, supersaturated
with carbon. The excess carbon may partition eventually
into the residual austenite or precipitate from the ferrite in
the form of carbides. If the latter process is dominant, then
lower bainite is obtained. Upper bainite is obtained only
when the carbon partitions relatively rapidly into the
residual austenite, before the carbides have an opportunity
to precipitate. This is essentially the same as the Matas
and Hehemann model,® but without the constraint that
the transition temperature is limited to a narrow tempera-
ture range around 350°C. The model is illustrated sche-
matically in Fig. 1. The purpose of the present work is to
test, as far as is possible, the quantitative form of the
hypothesis summarised above, and to assess any predictions
in the context of available experimental data. The work
utilises recent results on the theory for the time required
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2 Calculated time for decarburisation of super-
saturated ferrite plates (of thickness 0:2 um) in plain
carbon steels containing 01, 02, and 04 wt-%C,
respectively: calculated martensite start and bainite
start temperatures are also indicated

to decarburise supersaturated ferrite; cementite precipi-
tation kinetics are treated approximately using information
from martensite tempering data.

Time required to decarburise
supersaturated ferrite

If it is assumed that the diffusivity of carbon in ferrite is
very high when compared with that in austenite, and that
local paraequilibrium is established during the partitioning
of carbon between the austenite and ferrite, then the time
required to decarburise a supersaturated bainitic ferrite
plate of thickness w is given by*

_ win(x — x*)?
td—m...........(l)

where X is the average carbon concentration in the steel
as a whole, x* and x"* are the carbon concentrations in
ferrite and austenite respectively, when the two phases are
in paraequilibrium. The diffusivity of carbon in austenite
is very sensitive to the carbon concentration.!*~17 Hence,
when dealing with concentration gradients, it is necessary
to consider instead a weighted average diffusivity'® given
by

* Dd
2=L(x7—_xx_) R )

This procedure is valid strictly for the situation where the
concentration profile does not change with time, but is
recognised to be a good approximation for non-steady
state conditions, as exist during the partitioning of carbon
from the supersaturated ferrite. In the present work, the
value of D was calculated as discussed in Ref. 19.

The calculated kinetics of partitioning are shown in
Fig. 2 for three steels having different carbon concentrations
with calculated?®2! martensite start and bainite start
temperatures. For calculations it was assumed that w=
0-2 um, and this is the approximation used throughout this
work. For each steel, the time ty goes through a minimum
as a function of transformation temperature. The minimum
occurs because the diffusion coefficient of carbon decreases
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3 Hardness curves (HV01) for iron-carbon martensite
samples which were tempered for 1 h at tempera-
tures indicated: data left of vertical line largely
represent changes due to precipitation of carbides,
rather than recovery or coarsening processes (data
from Ref. 23)

with temperature (leading to an increase in t,), while at
the same time, the amount of carbon that the austenite
can tolerate x* increases with decreasing temperature; x**
was calculated as in Ref. 22. The decarburisation time also
increases as the average carbon concentration of the steel
increases; given that an increase in carbon concentration
should accelerate the precipitation of carbides in the ferrite,
it should lead to an increase in L,, as reported by
Pickering® and Llopis and Parker® for low carbon
concentrations.

Time for precipitation of cementite

Information on the kinetics of the cementite precipitation
from supersaturated ferrite is not available in sufficient
detail to carry out the first principles calculation of the
volume fraction of cementite as a function of time,
temperature, and chemical composition. An attempt is
made here to derive the overall kinetics of cementite
precipitation using published data?3* on hardness changes
oberved during the initial stages of isothermal tempering
of martensite. (Alternative models are presented in the
Appendix.)

EMPIRICAL METHOD

When martensite contains an excess concentration of
carbon in solid solution, the carbon will tend to precipitate
in the form of carbides during tempering. Prolonged
annealing can also lead to recovery, recrystallisation, and
the coarsening of cementite precipitates. For the present
purposes, it is consequently important to focus on the
initial stages of tempering, which should represent solely,
the effects of precipitation from supersaturated ferrite.
Speich?® reported that the change in hardness of
martensite in plain carbon steels after 1 h of tempering
above 320°C, includes significant contributions from recov-
ery, recrystallisation, and coarsening of cementite particles
(Fig. 3). Hence, the data representing hardness changes
during tempering below 320°C were utilised to obtain a
function which expresses the change in the volume fraction
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of cementite precipitation as a function of time and
temperature. An Avrami type equation? was used for the
purpose

Ety=1—exp{—k"} . . . . . . . . .. @

where £{t} is the volume fraction of cementite normalised
by its equilibrium volume fraction at the reaction tempera-
ture and k and n are rate constants determined from
experimental data. It is assumed that £{t} is related at any
time ¢ to the hardness of the martensite H{t} as follows

Ho— H{t}

=" @

H, is the hardness of the as quenched virgin martensite,
Hpg is its hardness when all the carbon has precipitated,
but before any significant recovery, recrystallisation, or
coarsening has occurred.
Implicit in this relationship is the assumption that the
amount of carbon precipitated is linearly related to the
change in hardness during the initial stages of tempering.
Using the values of hardness for plain carbon martensite
tempered for 1 h at 320°C, reported by Speich,?® Hp was
expressed empirically as a function of the initial hardness
and average carbon concentration X (mole fraction), as
follows

He=Ho(1—1731%%3%) . . . . . . . . . (5

This equation is valid for plain carbon steels containing
less than 0-4 wt-%C (x < 0-0186), the value of Hg becoming
constant thereafter. The hardness H, of plain carbon
martensite before tempering can also be deduced from the
data reported by Speich??

Hy=1267x%° + 240 e ()

where the hardness of martensite in pure iron is 240 HV.?*
This equation reflects empirically, the hardness of virgin
martensite in plain carbon steels as a function of carbon
in solid solution; however, there is evidence to suggest that
the effect of carbon tends to saturate, so that H, should
not exceed a maximum value of about 800 HV irrespective
of carbon concentration.?® Consequently, the maximum
value of H, permitted in the present analysis is taken to
be 800 HV.

INDEPENDENT CALCULATION

There are more elaborate theories available for the change
in the strength of low carbon martensite due to the
precipitation of cementite, so that the difference (H, — Hg)
can be evaluated independently from the empirical
approach discussed above. The change can be expressed
in terms of the decrease in solid solution strengthening as
carbon is absorbed during the growth of cementite, and
an increase in strength as the cementite particles precipi-
tation harden the martensite. Thus, the yield strength of
martensite is expressed as a combination of the intrinsic
yield strength, the effect of the dislocation cell structure,
and precipitation hardening by cementite?’

o,=00+ker ' +k, AT o o0 (])

where o, is the intrinsic strength of martensite, &, is the
average transverse thickness of the cell structure, and A is
the average distance between a particle and its two or
three nearest neighbours, given by

A = 1-18r27/3f)

where r is average particle radius, f is volume fraction of
particles, and k, and k, are constants, with k,=
0-51912 MN m 3. The value of k, is not relevant for the
present work since it is the changes in hardness before
recovery that are of interest.
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4 Calculated changes in hardness of martensite due
to cementite precipitation in 01, 0-2, and 0-4 wt-%
plain carbon steels: note that horizontal axis rep-
resents volume fraction of cementite normalised
with respect to its equilibrium volume fraction

The intrinsic strength of martensite can be factorised
into the solid solution strengthening effect of carbon ac
and the residual strength g

0o =00+ ¢ P ()]
From the work of Speich and Warlimont?*®
oc=8x10%2 . . . . . . . . ... .0
Since the hardness relates to the yield strength as follows?®
6, =2:59H, — 7820

the change in hardness of martensite due to cementite
precipitation can be written

—AHy = —03865A0, N 0 10)]

where Ao, is the change in yield strength due to cementite
precipitation in the initial stages of tempering.

Equations to calculate the number of cementite particles
and the cementite volume fraction are given below. The
calculated hardness changes of martensite in 0-1, 0-2, and
0-4 wt-%C steel, in terms of the decrease in solute carbon
and the increase in cementite precipitates, are shown in
Fig. 4. Although the relationship between hardness and the
amount of the precipitation (thus the decrease in solute
carbon) is not linear, the predicted changes in hardness
are remarkably consistent with those reported by Speich??
(Fig. 5).

PARAMETERS FOR AVRAMI EQUATION

The tempering data can now be used to obtain the
parameters of the Avrami relationship given in equation
(3). For martensite tempered for 1 h, the rate constant k
can be calculated using the relationship

k= —In(1 — {1 h}) (h)~" B 0 0))

where ¢&{1 h}=(H,— H{1 h})/(H, — Hg). The calculated
values of k for different tempering temperatures for data
from Speich?® can then be used to express k as a function
of temperature

k=k0exp{—%} e ¢ )

giving ko = 407 x 10*3°635 h~" 0 =33598 J mol .
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5 Comparison of calculated changes in hardness of
plain carbon martensite during tempering, which
leads to precipitation of excess carbon in form of
cementite, with data reported in Ref. 23

The time exponent n in the Avrami equation can be
obtained by plotting log log[1/(1 — &{t})] against log{t}. The
data reported by Speich,2® which show the changes in
hardness during the tempering of martensite in 0-18 and
0-097 wt-%C steels, were used and n was found to be 0-62.
It follows that

Elt}=1—exp{—407 x 10°5035;062, (3

This equation can be used to estimate the time necessary
to obtain a specified degree of transformation as a function
of temperature and the carbon concentration of the steel.

The formation of cementite is known to be exceptionally
slow in steels containing large amounts of silicon. Bhadeshia
and Edmonds®® measured the change in hardness of
martensite by tempering in Fe—0-43C-2-0Si-3-0Mn (wt-%)
system at different temperatures. Although their data are
not extensive enough to reveal all the constants required
in the Avrami equation, ko was, for that steel, evaluated
by assuming that Q and n are the same as for the plain
carbon steels considered previously

k=550 exp{—33589/RT} ()™ . . . . . (14
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7 Calculated decarburisation time and time required

for cementite precipitation, as discussed in text, for
Fe-0-43C-2-0Si-3-0Mn (wt-%) alloy: t, was calculated
for 0-01, 002, and 0-05 volume fraction of cementite
precipitation

CALIBRATION FOR t,

The method used to estimate the upper and lower bainite
transition temperature, involves a comparison of the time
tq with the time interval ¢,. If tq <tg, then it may be
assumed that upper bainite is obtained and vice versa
(Fig. 6). Of course, t, is a function of ¢, and instead of
choosing a detectable value of ¢ in an arbitrary way, the
value was fixed by comparison with experimental data on
L. The Fe-0-43C-2-0Si—3-0Mn (wt-%) system is ideal for
this purpose since B,, M,, and L, are well characterised.2°
Calculated values of t; and to (the latter for ¢ =0-01, 002,
and 0-05) are plotted, together with B, M, and L, in
Fig. 7. As expected, the 4 curves exhibit minima, while ¢,
was, over the temperature range of interest, found to
increase as the reaction temperature decreased. For tem-
peratures below the calculated B,, where it is possible for
bainite to grow, any intersections between the ty and t,
curves are of relevance to the location of the transition
temperatures. The temperature L, is defined as the highest
temperature at which t, <ts. On comparing the te and t4
curves for the Fe-0-43C-2-0Si—3-0Mn (wt-%) alloy, it was
found that the experimental L, of about 320°C could be
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Temperature,°C

ty is time required to decarburise plate of ferrite and 1, is time interval necessary to obtain ‘detectable’ amount of cementite precipitation in ferrite
a steel which is incapable of transforming to lower bainite; b steel which should, under appropriate transfor_mation conditions, be able to
transform to upper or lower bainite; ¢ steel in which bainitic transformation always leads to formation of lower bainite

6 Schematic illustration of how differences in relative behaviour of t, and t, curves can lead to various types of
transformation behaviour: LB and UB refer to lower and upper bainite, respectively
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8 Calculated curves of t, and t, for plain carbon steels

predicted fairly accurately if the ‘detectable’ volume fraction
of cementite is set as ¢=0-01. Consequently, for all
subsequent calculations, L, is defined by the point where
1ol =001} < t4.

The reason why it is necessary to consider only a very
small amount of precipitation (1%) to explain the onset of
lower bainite may be that the relationship between the
hardness and the amount of carbon atoms used up for the
precipitation is not linear (Fig. 3); thus, the calculated 1%
precipitation may in reality correspond to a greater degree
of precipitation. The time for decarburisation may also be
increased by soft impingement of the diffusion fields of
neighbouring subunits of bainitic ferrite in a sheaf of
bainite. The partitioning of carbon may also be retarded
by the precipitation of carbides within the ferrite, since the
net flux towards the austenite/ferrite interface would be
reduced.

The calculated values of 74 and ¢, for plain carbon steels
having carbon concentrations of 0-1, 0-2, 0-3, 04, 0-5, and
0-6 wt-% are shown in Fig. 8 as a function of reaction
temperature. As expected, the higher the carbon concen-
tration the longer the time required to decarburise the
plates. On the other hand, the driving force for cementite
precipitation increases with carbon supersaturation, so that
ty is found to decrease with x. The calculated M, and B,
are also plotted in Fig. 8.

The calculated values of L, are plotted against the
carbon content of steels in Fig. 9. According to the
calculations, lower bainite should not be observed in plain
carbon steels with carbon concentrations less than
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9 Calculated lower bainite transformation start
temperatures Lg for plain carbon steels as function
of transformation temperature: Mg and B are also
indicated

0-32 wt-%. Furthermore, only lower bainite (i.e. no upper
bainite) should be found in plain C steels of C contents
greater than 0-4 wt-%. Steels containing between 0-32 and
0-4 wt-% of carbon should exhibit both upper and lower
bainite, depending on the reaction temperatures. Finally,
it should be noted that at low temperatures where t, and
ty both become very large, the times required for precipi-
tation or redistribution of carbon exceed that to complete
transformation, consistent with the fact that untempered
martensite can be obtained at temperatures near M, with
the degree of autotempering of the martensite decreasing
as M, decreases.

Discussion

COMPARISON BETWEEN CALCULATED AND
OBSERVED L, TEMPERATURES

The general behaviour indicated by the calculations for
plain carbon steels, is found to be in agreement with that
observed experimentally. Some very recent interesting work
by Oka and Okamoto!'® (Fig. 10) proves that there is no
upper bainite in plain carbon steels containing greater than
0-8 wt-%C; the only bainite observed was classical lower
bainite at all temperatures above the M,. This is consistent
with the present calculations.

Ohmori and Honeycombe,?? in a study of plain carbon
steels, showed that during isothermal transformation above
the M, only upper bainite could be obtained in samples
containing less that 0-4 wt-%C (Fig. 11). This is consistent
with the calculations presented earlier, although their
observation that upper bainite can be obtained in steels
having carbon concentrations up to ~0-85wt-%C is not
consistent with the theory, nor with the data reported by
Oka and Okamoto.!° Their diagram additionally indicates
a constant L, of about 350°C, which is also inconsistent
with the theory and with the results of Oka and Okamoto.
These particular discrepancies and contradictory experi-
mental results cannot be explained at present and further
research is required. Although their published diagram?°
is based on experimental data, the actual data points are
not presented and it is therefore difficult to assess the
validity of some of the boundaries illustrated.
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10 Experimental data'® illustrating temperatures at
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bainite (LB), and martensite (M) were obtained by
isothermal transformation of plain carbon steels:
dotted lines represent bainite start and martensite
start temperatures calculated in Refs. 20-22

The change in the transition temperature from upper to
lower bainite has also been reported by Pickering® and
Llopis and Parker® for a variety of alloyed steels. Their
observations (Fig. 12) show that L, increases with carbon
concentration in the lower carbon region, then goes through
a maximum value as the carbon concentration is further
increased. After the maximum, L, is found to stabilise at a
constant value. This tendency is consistent with the present
calculations, although the reported constant value of L, at
higher carbon concentrations is not. A possible explanation
arises from the fact that the calculated®! values of B, for
the alloys concerned are found to be in very good
agreement with values of L, reported by Pickering® for
carbon concentrations above 0-4 wt-%. The implication is
that the high carbon data become consistent with the work
of Oka and Okamoto, if it is assumed that no upper
bainite is obtained in those steels, the so called transition
temperature corresponding to B,. Furthermore, considering
Pickering’s data (excluding some of the other points he
plotted from unspecified published research), then the L,
plateau shown in Fig. 12 may simply be an artefact of
plotting, since a smooth sloping curve can be fitted through
all the high carbon data.

According to the present calculations, only lower bainite
is expected in plain C steels containing >0-32 wt-% of
bulk carbon content. However, the calculations are for
ferrite plates whose carbon concentration is initially
identical to that of bulk alloy, since the model assumes
that bainite growth is diffusionless, with carbon redistri-
bution occurring after the growth event. As a consequence
of the redistribution, which is expected to be substantial
when t;<ty, there is an enrichment in the carbon

concentration of residual austenite as the bainite transform- -

ation proceeds. Consequently, any bainite which forms
from enriched austenite will itself have a higher than bulk
concentration of carbon. This leads to the possibility of
the transformation beginning with the growth of upper
bainite, but with the enriched austenite then decomposing
to lower bainite at the later stages of transformation. There
is then a real possibilty of obtaining a mixture of upper
and lower bainite in steels containing less than 0-32 wt-%C,
especially if carbide precipitation from the austenite is
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A austenite; F ferrite; LP lamellar pearlite; DP  degenerate pearlite;
UB upper bainite; LB lower bainite; M martensite;
Bs bainite start temperature; Mg martensite start temperature

11 Effect of carbon concentration on temperature
range where each microstructure is formed (After
Ref. 29)

relatively sluggish, and therefore does not act to relieve
any carbon enrichment in the austenite.

The maximum carbon concentration that can be tolerated
in residual austenite before the bainite reaction ceases is
expressed approximately by the Tg curve.3**?2 Therefore,
if the carbon concentration in residual austenite at the T}
curve (i.e. xr;) is greater than 0-32 wt-%, lower bainite can
be expected to form during the later stages of reaction.
However, the formation of cementite from the residual
austenite also becomes possible if xy, > x", where x"’ is a
point on the y/(y + ) phase boundary (calculated as in
Refs. 30,31), since the austenite will then be supersaturated
with respect to the cementite. The fact that a curve showing
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0.0 0.2 0.4 0.6 0.8 1.0 1.2

Carbon content, wt %

12 Effect of carbon concentration on temperature of
change from upper to lower bainite in alloy steels
(After Refs. 5 and 8): dotted line represents values
of bainite start temperatures calculated as in
Refs. 20-22
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13 Identification of regimes (A, B, C) in which progress
of isothermal ;ransformation can lead to changes
in nature of transformation product: line marked
x" is calculated y/(y + Fe;C) phase boundary

the carbon concentration in austenite which is in equilib-
rium with cementite in plain carbon steels crosses the Tj
curve at 04 wt-%C concentration (560°C), leads to the
identification of three regimes for bainite on the Fe-C
phase diagram (Fig. 13). In steels containing greater than
0-4 wt-% of the initial bulk carbon content (region B),
lower bainite is to be expected from the earliest stages of
transformation. For steels whose composition lies in region
A, lower bainite is expected to be absent during isothermal
transformation at all temperatures above M,, and this
behaviour is valid for any stage of transformation, since
the austenite cannot be supersaturated with cementite as
far as regime A is concerned. The behaviour in the region
marked C should be more complex. The residual austenite
for these steels (region C) may at some stage of transform-
ation contain enough carbon to precipitate cementite. If
the kinetics of cementite precipitation from austenite are
rapid, then lower bainite may not be obtained in steels
having an -average carbon concentration less than
0-32 wt-%, but otherwise, a mixed microstructure of upper
and lower bainite might arise.

COMPARISON WITH TEMPERING OF
MARTENSITE

In the present model for the upper to lower bainite
transition, the microstructure of lower bainite in effect
arises from the ‘autotempering’ of supersaturated plates of
bainitic ferrite. The lower bainite should consequently
exhibit many of the characteristics of tempered martensite.
When high carbon martensite is tempered, the first carbide
to form is usually a transition carbide such as ¢ carbide,
which is replaced eventually by the thermodynamically
more stable cementite. Similarly, when lower bainite forms
in high carbon steels, ¢ carbide forms first, and transforms
subsequently into cementite during prolonged holding at
the isothermal transformation temperature.®

The chances of obtaining ¢ carbide (instead of cementite)
in lower bainite increase as the transformation temperature
is reduced for the same steel (see Table II of Ref. 6). As the
transformation temperature decreases, and the time
required to decarburise a supersaturated plate of bainite
increases, a high carbon concentration can persist in the
ferritic matrix for a time period long enough to allow
the formation of ¢ carbide, which does not form if the
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Carbon mole fraction in ferrite
t, time to precipitate detectable volume fraction of € carbide
14 lllustration of possible explanation for transition

from lower bainite containing ¢ carbide to lower
bainite containing cementite

carbon concentration is less than about 0-25 wt-%.3? This
effect also explains the result that a medium carbon Fe—
0-43C-3Mn-2Si (wt-%) steel transforms to lower bainite
containing cementite particles,>® although when quenched
to martensite it gives & carbide on tempering.2® Some of
the carbon is in the former case, lost to the austenite by
diffusion, thereby preventing the formation of ¢ carbide.
The ideas discussed here can in principle be predicted
using the present model. Figure 14 illustrates calculations
for a Fe—0-6 wt-%C alloy, for transformation temperatures
where only lower bainite is obtained. The continuous
curves represent the time required for the carbon concen-
tration in the bainitic ferrite to drop to a specified level,
and the vertical line represents the time t. taken for this
concentration to reach 0-25 wt-%, the level below which ¢
carbide should not form.32 The bainitic ferrite is assumed
to have an initial carbon concentration of 0-6 wt-%. The
curves are calculated using equation (1), but by replacing
x*’ by x% which represents the amount of carbon in the
bainitic ferrite at any instant of time, with x* <x*<x.
The dashed curves are schematic, and represent the time
t,; there is as yet no theory which can predict these curves,
nor are there suitable experimental data which can be used
to estimate the curves empirically. Although the curves are
schematic, their form is based on the corresponding curves
for cementite, as used in the earlier analysis. If ¢, < t¢, then
the lower bainite should contain & carbide rather than
cementite and vice versa. It is evident that it is possible to
envisage circumstances where a lowering of the transform-
ation temperature can lead to a transition from lower
bainite containing cementite to lower bainite containing &
carbide. A similar diagram could be used to rationalise
the observation that in a medium carbon steel, the lower
bainite is found to contain cementite, while the tempering
of martensite in the same steel leads to ¢ carbide formation.

OTHER DIFFERENCES BETWEEN UPPER AND
LOWER BAINITE

The fact that lower bainite forms at a higher undercooling
below B, when compared with upper bainite has other
implications. Subunit growth during the bainite transform-
ation ceases when the interface is blocked by plastic
accommodation induced defects.>* For a given defect
density, lower bainite subunits should be longer than those
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of upper bainite, since the driving force for transformation
increases with undercooling. At lower transformation
temperatures the matrix is able to support higher strains
without plastic deformation so that the defect density in
the matrix itself would be lower. Step quenching experiments
in which an alloy is first partially transformed to lower
bainite and then up-quenched into the upper bainite
transformation range are consistent with this, since they
show that the growth of lower bainite ceases following the
up-quench.*® This also appears to be the case when
specimens partially transformed to lower bainite experience
an increase in temperature within the lower bainite
transformation range.3®

Conclusions

A model, based on an idea of Matas and Hehemann,®
has been developed to enable the estimation of the
temperature at which the upper bainite reaction gives way
to the formation of lower bainite. The model involves a
comparison between the times required to decarburise
supersaturated ferrite plates with the time required to
precipitate cementite within the plates. If the decarburisa-
tion process dominates, upper bainite is predicted, whereas
relatively rapid carbide precipitation within the ferrite leads
to the formation of lower bainite.

Some of the predictions of the theory are in agreement
with reported experimental data. Consistent with the results
of Ohmori and Honeycombe,?® it is found that lower
bainite cannot form in plain carbon steels containing less
that ~0-3 wt-%C. Upper bainite is predicted to be absent
in plain carbon steels containing greater than 0-4 wt-%C;
this is in agreement with the results of Oka and Okamoto,!°
although contradictory results have been reported by
Ohmori and Honeycombe,?® who were able to obtain both
upper and lower bainite in high carbon Fe—C alloys. The
maximum in the curve of transition temperature versus
carbon concentration, reported by Pickering® and Llopis
and Parker® is also consistent with the theory.

To summarise, more experimental work is required to
verify some of the detailed predictions of the model, and
to resolve some of the discrepancies between experimental
data reported in the literature. More work is also required
from a theoretical point of view, to develop fully the
kinetics of cementite precipitation from supersaturated
ferrite, and to couple the processes of cementite precipitation
with the simultaneous redistribution of carbon into the
residual austenite. For the present, the current model seems
to provide a rational basis for the transition temperature.
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Appendix

Further modelling of kinetics of cementite
precipitation in ferrite

In this section, alternative models for the kinetics of
cementite precipitation in ferrite are considered, with the
aim of examining the posibility of more fundamental theory
compared with the rather empirical martensite tempering
data based methods used above. Such models could be
useful in taking account of alloying element effects on the
kinetics of cementite precipitation from supersaturated
ferrite, and hence permit an easy extension of the transition
work to alloy steels.
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DIFFUSION CONTROLLED FORMATION OF
CEMENTITE ‘ALLOTRIOMORPHS’

It is assumed here that the growth of cementite platelets is
controlled by the diffusion of carbon in the supersaturated
ferrite and that it involves the one dimensional advance of
interfaces parallel to the habit plane of each cementite
particle. A one dimensional parabolic thickening rate
constant for this process can be calculated using the
following equation?®

x —x* n \/? o? oy
X=X (L~ 2y e XL 15
X040 <4Da) %t eXp{4Da}[l erf{wa } (13)

where x? and x* are equilibrium carbon concentrations
in cementite and ferrite respectively, at the interface between
cementite and ferrite, and D, is the diffusion coefficient of
carbon in ferrite.3’

The lengthening rate of the ‘allotriomorphs’ of cementite
is correspondingly given by a rate constant which is taken
to be f; ~ 3a,; this seems somewhat arbitrary, but gives a
similar aspect ratio to that obtained for allotriomorphic
ferrite.>® The volume of a cementite plate is then given
approximately by

v = (s t"2)(B1 V) (B 1'%
=9a3t3/?
Venugopalan and Kirkaldy®® reported the average grain
size of cementite (in pm) before the onset of the Ostwald

ripening, as a function of tempering temperature T of
martensite

13=0226—64x 107 3T +46 x 107°T?)fx 1073 (17)
The number of cementic particles per unit volume can
therefore be written as

Vs

4_3
37y

(16)

n= (18)
where V§, the maximum volume fraction of cementite
obtained at the temperature concerned, can be calculated
from the initial carbon concentration in the ferrite X by

6~ 1-:0065(4x/(1 — 4x), taking account of the difference
in ferrite and cementite densities in respect of the unit
cell.

Assuming now, that there is initially a number # of sites
available for the growth of cementite, and that no new
sites are formed subsequently, the precipitation process can
be described simply in terms of the growth of cementite.
Thus, using the extended volume method of Avrami to
take account of impingement between growing particles,
the volume fraction of cementite normalised by the
maximum volume fraction V§ is expressed by

E=1—exp{-C¢.} T € 1)
where £, is an extended fraction given by
E=9madt32/Ve . . . . . . . . . . . . (0

For cases where it may not be justified to start the
transformation from a fixed number of growth centres, it
is necessary to have some type of nucleation rate function.
If it is assumed that nucleation always occurs hetero-
geneously on dislocations, the nucleation rate per unit

volume on dislocations can be written as follows?>#°
RT ¥+GX%
— (N3, _Jt1T M2 21
I(N)phexp{ RT} (21

where h is the Planck constant, N¥ the number of atoms
per unit volume which are on dislocation lines, G¥ the
activation free energy of nucleus formation on a dislocation,
G¥* the activation energy for the transfer of atoms across
the nucleus/matrix interface, and p the dislocation density.
Therefore, the volume fraction of cementite normalised by

the maximum volume fraction of cementite is in these
circumstances expressed by

Cltf=1—exp{—<{.}
with
gﬁtsn

5 Vs @2)

t
bom 10 [ = 0o
Vi 0
where 7 is the incubation period.
The activation energy for nucleation should decrease as
the inverse square of the driving force for nucleation of
cementite from ferrite

G¥oc (G2 N VX))

so that G¥ should tend to become small relative to G¥ at
high carbon supersaturations. In such circumstances, G¥
may be ignored and the nucleation rate may be expected
to decrease with undercooling. This is consistent with the
data from the empirical analysis discussed above, where it
is found that ¢, increases monotonically with a decrease in
temperature, rather than showing a C-curve behaviour.
Consequently, it seems justified to ignore the G¥ term for
the present analysis, where it is assumed that G} < G%.
The value of G% is not known, but the activation energy
for the self-diffusion in ferromagnetic iron** is 240 kJ mol ~ !
and since the o/f interface has a relatively high energy, G%
is expected to be less than 240 kJ mol~!. To ‘derive’ its
value, an attempt was made to match the values of
obtained as discussed above, with the number of particles
per unit volume, to be expected using the nucleation
function in equation (21).

Assuming that the dislocations all lie along <111)
directions

NY=p/(5 x 2:8664 x 1071°)

The dislocation density in bainitic ferrite formed at different
temperatures has been measured by Smith*? and Fondekar
et al*> Because these data alone are not adequate to
obtain an expression of the dislocation density (in m~?) as
a function of the reaction temperature T, similar data for
martensite, reported by Kehoe and Kelly,** were included
in the analysis, to yield the following empirical relationship
for the dislocation density in ferrite (Fig. 15)

1076 T T T T

109 N

Dislocation density, mi2

1014 1 1 | 1
200 300 400 500 600 700

Temperature,°C

15 Changes in dislocation density of bainitic ferrite
(open circles) and martensite (solid circles) as
function of reaction temperature: cluster of points
that lie below curve are from Ref. 45, other data
are from Refs. 42-44
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16 Calculated number of cementite particles at
completion of precipitation N, (curve 1) compared
with values of 1 (curve 2) estimated from empirical
data of Ref. 39
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For martensite, the transformation temperature was taken
to be the M. Although dislocation densities of martensite
measured by Norstém*® are also plotted in the figure,
those data were not used in deriving the above expression
because of uncertainties in the method used to assess the
thickness of the thin foil samples used. The curve plotted
in Fig. 15 does not therefore take account of these data.
To find the most appropriate value of G¥, the number
of particles per unit volume at the completion of precipi-
tation was calculated as follows

log p = 9-28480 + (24)

NV=Jw1[1—§{t}]dt 2y

and Fig. 16 shows that a reasonable fit with the empirical
data of Venugopalan and Kirkaldy3® could be obtained
by setting G% = 190 kJ mol~!. This is the value used in all
subsequent calculations.

Another possibility of the calculation of the volume
fraction of cementite is based on the theory of diffusion
controlled growth of plate shaped particles.*® The edgewise
growth of a precipitate plate from a matrix which is
initially at a uniform solute concentration X, can be
obtained from the following equation

Qo = (np)'/2eP erfc \/plil + UEQOSlp + %QOSz p:l

(26)

where v, is the velocity of a flat interface, controlled by
interface kinetics only, ¢ is the radius of curvature at the
advancing tip of the plate, ¢, is the critical radius for
growth at which the concentration difference in the matrix
vanishes in absence of the interface kinetics, and v is the
edgewise growth rate of the plate,

_vé
P=,
anrD
o=
X —X
U= AuO(xao - )2)
x* —x
QO = X4 — xﬂa

Time for 0.05 precipitation, s
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17 Time for £ = 0-05 cementite precipitation calculated
from empirical method (curve 1), parabolic growth
model (curve 2), nucleation and parabolic growth
model with G;=190kJ mol~' (curve 3) and with
G; =240 kJ mol " (curve 4), and plate growth model
with aspect ratio of 3 (curve 5) and 15 (curve 6)
discussed in text, as function of reaction
temperature

The functions S; and S, have been presented graphically
in Ref. 46. The capillarity constant is given by

FD = O'ﬁg/(Xae — )E)RT

where o is the /0 interfacial free energy per unit area and
0 is the molar volume of cementite.

If a disc shape is assumed for a cementite plate (height
¢, radius /), the volume per cementite plate is

vg=1tlzc=%l3=%(vt)3 L@

where B is an aspect ratio of cementite plates. Therefore,
using the extended volume method of Avrami, the volume
fraction of cementite normalised by the maximum volume
fraction of cementite is found to be

Hb=l—exp{—C) . . . . . . . . . . (@8
where
§e=n%(vt)3/V§ )

In Fig. 17, the calculated times required for £=0-05 of
cementite precipitation in an Fe-0-4C (wt-%) alloy in
terms of only the parabolic growth, the combination of
nucleation and parabolic growth, and plate growth are
compared with the calculated times using the empirical
methods used above. The calculations used o =07 J m~2
(Ref. 47), x®*=0-25, and the equilibrium carbon concen-
tration in ferrite as presented in Ref. 48. The aspect ratio
in the plate growth model is assumed to be either p=3,
which is consistent with the parabolic growth model, or
B=15 which is as observed approximately in Fe—
0-43C-2-0Si-3-0Mn (wt-%).

It is evident that the models based on parabolic
thickening both indicate much faster transformation kin-
etics relative to the empirical results, although the result
from the nucleation and growth model approaches the
empirical result at lower temperatures. The plate growth
model, while differing in an absolute sense from the
empirical data, gives a similar trend as a function of
temperature. It could in principle be adapted (for example,
by reducing the number of nucleation sites available per

Materials Science and Technology July 1990 Vol. 6




Takahashi and Bhadeshia Transition from upper to lower bainite 603

unit length of dislocation line) to give close agreement with
the experimental data. An appropriate selection of the
nucleation function for cementite precipitation, and the use
of the plate growth theory could, therefore, give closer
agreement with the empirical result and allow the estimation
of the lower bainite transformation temperature in alloyed
steels as well as in plain carbon steels. However, it is
essential to investigate the initial stages of the cementite
precipitation in detail before any further modifications to
the theory for the transition. Note also that the models
ignore any precursor reactions such as the precipitation of
& carbide, which may influence the overall kinetics of
cementite formation.
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Order Code J89025 £15.00 US$30.00

Proceedings of the international workshop held in
Oxford in%989. Topics covered include: aging effects
in welded cast CF3 stainless steel; thermodynamics of
duplex stainless steels; quantitative atom probe
analysis of spinodal reaction in ferrite phase of duplex
stainless steel.

NON-METALLIC INCLUSIONS IN STEEL
PART V (1989)

R Kiesslin,

Order Code 411 194pp ISBN 0901462 44 6 (H)
£30.00 US$60.00

Contents: indexes; inclusions in iron and steel powders;
inclusions in PM products; steel practice and inclusions;
steel properties and inclusion; additions to Parts I-IV;
inclusions - theoretical considerations; inclusion
assessment; inclusions - present situation.

HIGH NITROGEN STEELS (1989)
Order Code 453 461pp ISBN 0901462 45 4 (P)
£49.50 US$99.00

Papers cover such topics as industrial manufacture of
massively Nitrogen-alloyed steels; solubility of
nitrogen in austenitic stainless steels; basic deformation
mechanisms in nitrogen strengthened stable austenitic
stainless steels; effects of nitrogen alloying on corrosion
behaviour of high alloy steels; trends in plasma
nitriding, metallurgy and process.

and forthcoming . . .

MODERN STEELMAKING METHODS
(2nd Edition)

C Moore and R I Marshall

Order Code 460 ISBN 0901462 705 (P)

Investigating the status of various steelmaking methods
currentqy available throughout the world, the 2nd
edition of this popular monograph includes a new
chapter on pre-steelmaking, which deals with hot
metal treatment between tﬁe blast furnace and steel-
making unit. This text will be of interest to both
academics and metallurgists.

STEELMAKING 1850 - 1900
K C Barraclou
Order Code 458 ISBN 0901462 713 (H)

Dealing specifically with bulk steel production, this
volume covers the steelmaking activities in the half
century which witnessed the rise in the production of
steel world-wide from some mere fifty thousand tons
to just under thirty million tons and a reduction in cost
by around four fifths. It discusses the impact of the
inventions of Bessemer, Siemens and Thomas and the
introduction of what came to be termed "bulk steel".
Contents: introduction to steel and steelmaking; the
development of new steelmaking processes; Bessemer
and the development of the Pneumatic Process; the
Bessemer Process in Britain 1860-1880; the Bessemer
Process in Europe 1860-1880; the Pneumatic Steelmaking
Process in America; Siemens and the development of the
Open Hearth Process; Open Hearth Steelmaking in
Britain to 1880; the Open Hearth Process in Europe to
1880; footnotes.
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