0 TRIP steel

S. Chatterjee, M. Murugananth and H. K. D. H. Bhadeshia*

A combination of neural networks and genetic algorithms has been used to design a TRIP
assisted steel in which the silicon concentration is kept low. In this context, the steel has a novel
microstructure consisting of ¢ ferrite dendrites and a residual phase which at high temperatures is
austenite. This austenite can, with appropriate heat treatment, evolve into a mixture of bainitic
ferrite and carbon enriched retained austenite. The steel has been manufactured and tested to

reveal a tensile strength of ~1 GPa and a uniform elongation of 23%.
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Introduction

Steels, the mechanical properties of which are assisted
by transformation induced plasticity and yet, do not
contain expensive alloying elements, are now well
established. These so called TRIP assisted steels have a
microstructure dominated by allotriomorphic ferrite.
However, a substantial minority of the microstructure
consists of bainitic ferrite and retained austenite. It is the
latter which can be induced to transform into martensite
during deformation.'°

The critical solute in TRIP assisted steels is silicon,
which at a concentration of ~1-5 wt-%, prevents the
precipitation of cementite during the growth of bainitic
ferrite.!' As a consequence, the carbon that partitions
into the residual austenite stays there, allowing the
austenite to be retained to ambient temperature.

This relatively large concentration of silicon can cause
the formation of an adherent surface scale which makes
the steel unsuitable for applications where the cosmetic
appearance is important.'>!* The aim of the present
work was to create and validate a mathematical frame-
work which allows the following question to be posed:
what is the combination of alloying elements and
processing which can lead to an optimum quantity of
retained austenite in the microstructure and yet mini-
mise the silicon concentration?

In attempting to answer this question, the model
assembled led to a novel concept for TRIP assisted
steels. The present paper begins with a description of the
model, followed by the experiments conducted to
validate the prediction made.

Network relating composition,
processing and structure

In the present context, the optimisation process needs
access to a quantitative relationship between the
chemical composition of the steel, the heat treatment
and the ultimate microstructure (in this case, the
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quantity of retained austenite). A neural network
method was used for this purpose. The particular
method used has been extensively described pre-
viously."*'” TIts applications have also been widely
published'®® and hence, only the salient points are
reproduced here.

The neural network is a non-linear regression method
which can capture enormous complexity in the data,
while avoiding overfitting. The Bayesian framework of
the network used in the present work is able to indicate
two uncertainties. The first is the noise in the output
when an experiment is not exactly reproducible because
some variables are not controlled. The noise is usually
expressed as a constant number. The second is the
uncertainty of modelling because many mathematical
functions are able to fit the same data, which however,
behave differently when extrapolated. This latter uncer-
tainty is important in identifying domains where care
must be exercised in interpreting the results from a
network. The modelling uncertainty is also helpful in
identifying regions of the input space where data are
sparse. The magnitude of the modelling uncertainty
varies with the position in the input domain where
calculations are conducted.

The data used to create the model were compiled
entirely from published sources**®?**! to include the
variables listed in Table 1.

Owing to a lack of data, it was impossible to include
the heating rate to the intercritical annealing tempera-
ture as a variable. Its effect would therefore be included
in the noise: the exact contribution cannot be estimated
but it must be less than the total noise which was +4%
in the trained models. Predictions were made using the
neural network model by varying input variables over a
base steel composition of 0-2C-1-5Mn-1-0Si-0-5Al1-
0:02P-0Mo-0Cu (wt-%), intercritical annealing para-
meters of 780°C for 300 s and bainite transformation
conditions as 400°C for 500 s.

Some examples of trends perceived by the trained
neural network model are illustrated in Fig. 1. It is
interesting that both silicon and aluminium help retain
austenite, not by increasing its thermodynamic stability
but rather by stopping the precipitation of cementite
during the bainite reaction. The trends are as expected
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from a metallurgical point of view: those due to heat
in Fig. 2. The retained
austenite content goes through a minimum as a function

treatments are

illustrated

Table 1 Data used for modelling retained austenite fraction*

of the intercritical annealing temperature Tic. This is
because the equilibrium carbon concentration of auste-
nite increases as Tjc decreases, whereas substitutional

Variable Minimum Maximum Average o

Carbon, wt-% 0:0950 0-3920 0-2102 0-1020
Manganese, wt-% 0:6000 1-9900 1-4057 0-2796
Silicon, wt-% 0-0400 2:1000 09619 0-5369
Aluminium, wt-% 0-0000 2:0000 0-2979 0-5236
Phosphorus, wt-% 0-0000 0-2040 0-0223 0-0401
Molybdenum, wt-% 0:0000 0:1400 0:0043 0:0218
Copper, wt-% 0-0000 0-5100 0-0065 0-0573
IA temperature, °C 730 840 7782653 257829
IA time, s 60 450 213:2143 110-8414
IT temperature, °C 300 525 404-2347 39-5554
IT time, s 0 5400 441-3673 588:7228
Retained austenite, vol.-% 0-12 27-07 10-3805 5-8054

*|A, intercritical annealing; IT, isothermal transformation to bainite; ¢, standard deviation.
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solute partitioning during austenitisation enhances the
stability of the austenite at high Tjc. The trend as a
function of the bainite reaction temperature is just
perceptible, but can be understood in that the limiting
carbon concentration of the austenite is greater at lower
temperatures. 1

Many such trends were examined but are not reported
here for the sake of brevity; details can be found in a
recent thesis.** Suffice it to say that the model seems to
predict reasonable trends relating the retained austenite
fraction with the input variables. The model has also
been made freely available.*® It was then used to
formulate an optimum chemical composition of these
materials, as described in the next section.

Optimisation

Design problems usually begin with specification of a
target. Neural network models can be interrogated with
sets of inputs until the desired output is achieved. A
more economical method, possibly a method capable of
reaching an optimum solution, is to allow the inputs to
the neural network to evolve towards the desired output
(see Ref. 44). A point is chosen in the design space
around which a family of points is generated by
mutating the original. Recombinations, in which a few
of the variables within a set are exchanged between sets,
are also a part of the process. The survival of any set
depends on how close it matches the desired output.

In the present work, a commercially available genetic
algorithm*® was used in combination with the neural
network model to define an optimum TRIP assisted steel
in which the retained austenite content is maximised
while keeping the silicon concentration to a minimum.
This procedure on its own may not ensure a good TRIP
steel but is about the austenite-silicon relationship.
Concentrations of all the other solutes with the excep-
tion of phosphorus were allowed to vary, as were the
heat treatment temperatures. However, the heat treat-
ment times at these temperatures was kept constant to fit
with commercial requirements at 60 s for intercritical
annealing and 900 s for transformation to bainite. A

constraint was placed on the modelling uncertainty such
that input sets which led to this uncertainty exceeding
+20% of the desired value of the output were rejected.

The algorithm converged to an alloy with the
chemical composition Fe-0-4C-2Mn-0-5Si-2A1-0-5Cu—
0-02P (wt-%), with a microstructure estimated to
contain 41420 vol.-% of retained austenite, after inter-
critical annealing at 840°C (60 s) followed by bainite
transformation at 300°C (900 s). Perhaps not surpris-
ingly, the alloy is rich in carbon, manganese, aluminium
and copper. It is odd that the algorithm maintained the
silicon at 0-5 wt-% rather than zero, in spite of the large
aluminium concentration which should be sufficient to
suppress cementite precipitation from austenite. The
reason for this is not clear. Copper of course is a useful
element to stabilise the austenite and phosphorus has the
ability to retard cementite.

Thermodynamic analysis

The fractions and compositions of the equilibrium
phases of the alloy were estimated using MT-DATA*
with the SGTE database. The calculations were con-
ducted allowing ferrite, austenite, cementite and liquid
to exist. The results are presented in Fig. 3. The alloy
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3 Calculated quantities of phases as function of tem-
perature for optimised alloy
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starts to solidify by forming ¢ ferrite, which reaches a
maximum of ~85 wt-%. Some of the ¢ ferrite then
transforms into austenite during cooling, although the
alloy never becomes fully austenitic. The maximum
predicted amount of austenite is ~80 wt-%, some of
which transforms back into o ferrite on continued
cooling. Note that ¢ and « ferrites are identical in crystal
structure: the terminology does however help distinguish
the o ferrite which forms as dendrites during the
solidification of liquid and the « ferrite which occurs
by the solid state transformation of austenite. The
results indicate that dendrites of ¢ ferrite should remain
in the sample cooled to ambient temperature.

At 840°C, the alloy is predicted to contain ~ 54 wt-%
austenite and 46 wt-% ferrite. The chemical composition
of the austenite at that temperature is Fe-0-67C—
2-54Mn-0-53Si-1-35A1-0-013P-0-51Cu  (wt-%). It is
of interest to examine the formation of bainite and
martensite in austenite of that composition. These
calculations were carried out using the method described
in Refs. 47-50. The method is available freely and is
designated MUCG73 on the Materials Algorithms
Library.* In this way, the bainite and martensite start
temperatures of the austenite at 840°C were calculated
to be 354 and 160°C respectively. Both the predicted
intercritical annealing and the bainite reaction tempera-
ture of 300°C therefore appear reasonable.

The carbon concentration of the austenite x., at the
point where the bainite reaction would cease at 300°C
can be calculated from the fact that diffusionless trans-
formation is impossible once x, equals the xt, given by
the T curve on the phase diagram.'! The latter was
calculated using MUCG73 to be 1115 wt-% (0-0497
mole fraction) for austenite formed during intercritical
annealing at 840°C and transformed at 300°C. Using
mass balance, this means that only 34 wt-% of the
original 54 wt-% of the austenite remains untransformed
after the formation of bainite. Because this residual
austenite has a very high carbon concentration, it is fully
retained to ambient temperature since its calculated
martensite start temperature is below ambient tempera-
ture at —27°C. The 34 wt-% of retained austenite calcu-
lated in this way is in good agreement with the
predictions made using the neural network and genetic
algorithm at roughly 40 +20 wt-%.

Aluminium is known to be a y loop forming element
and its presence in a concentration as large as 2 wt-% is
probably the key factor preventing a fully austenitic
state from being achieved. The view was taken that
TRIP assisted steels in any case contain a large quantity
of ferrite apart from the minority constituents of
bainitic ferrite and retained austenite. It would be
reasonable to consider the same concept as conventional
TRIP assisted steels but with the allotriomorphic ferrite
replaced by o ferrite. Experiments were therefore under-
taken to investigate the concept further.

Experimental details

The initial work was done on a small 50 g melt made
in an electric arc furnace at Cambridge University,
designated ‘A’ in Table 2. The remaining alloys were
made as 50 kg melts in an air melting furnace at Tata
Steel (India). For optical microscopy, the samples were
prepared using standard metallographical techniques
and etched using 2% nital solution. Higher resolution
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observations were done using field emission gun scan-
ning electron microscopy (FEGSEM) operated at a
10 kV accelerating voltage.

X-ray diffraction tests of the samples were carried out
with a scan range of 40-120° at 0-5° intervals and a 5 s
dwell at each step. Cu K, radiation was used and the
operating voltage and current were set at 40 kV and
40 mA respectively. Retained austenite measurements
were done on metallographically prepared samples
etched with 2% nital solution and then once again fine
polished. X-ray data were analysed using the X Pert Plus
software which uses the Reitveld refinement method due
to Wiles and Young.!

Bulk Vickers hardness and the microhardness were
recorded using 10 kg and 50 g loads respectively.

Uniaxial tensile tests on samples of 5 mm diameter
and 30 mm gauge length were carried out both at room
temperature and at 100°C at a strain rate of 2-8 x
107> s~'. An extensometer of 10 mm gauge length was
attached to the specimen tested at room temperature but
this was impossible for the higher test temperature.
Samples cut ~1 mm from the broken surfaces were used
for X-ray diffraction studies to measure the fraction of
austenite remaining at fracture.

All heat treatments were carried out with the samples
sealed in quartz tubes containing a partial pressure of
argon.

Cast microstructure

Although alloy A deviates from the intended composi-
tion (Table 2), it nevertheless has a similar phase
constitution as illustrated in Fig. 4, with ¢ ferrite being
incompletely transformed as the alloy cools to ambient
temperature.

The microstructure in the as cast condition is con-
sistent with the phase diagram calculations. Figure 5
shows the light etching dendrites of ¢ ferrite. The darker
regions represent the austenite which existed at elevated
temperatures but has transformed into a fine micro-
structure on cooling. The micrograph also reveals a dark

Table 2 Chemical composition of model perceived
optimum alloy and experimental alloys, wt-%

Alloy C Mn  Si Al P Cu

Optimum 040 2:00 050 200 002 050
A (small casting) 041 242 046 157 026 042
B (large casting) 0:36 196 073 222 0022 052




5 Optical micrograph of alloy A in as cast condition

etching residual phase, the nature of which is not clear
from Fig. 5. The higher resolution images in Fig. 6
indicate that the austenite in the as cast alloy has
transformed into martensite plates. Some of the plates
are seen to contain midribs, which are consistent with
a transformation twinned region.> The morphological
observations therefore suggest high carbon plate
martensite.

The hardness of the o ferrite and the darker etching
region in the as cast microstructure in Table 3 is
consistent with the latter region containing a substantial
amount of high carbon martensite. The hardness data
were used to estimate the volume fractions of the
constituent phases in the as cast sample using a rule of
mixtures. If H; and H, are the microhardnesses of ¢
ferrite and the residual phase respectively, and if it is
assumed that the bulk hardness Hy, of the sample can be
written

Hy=vH, +(1—v)H ()

then v, the volume fraction of d-ferrite, can be estimated.
A point count method was also used to measure the
phase fractions. Assuming that the densities of the two
phases are not significantly different, the measurements
effectively represent the weight fraction of each phase, as
presented in Table 3.

A comparison of the measured fractions against
Fig. 4 indicates that during cooling, the 6 ferrite fraction
did not change once a temperature of 1400°C was
reached. For that temperature, the calculated*® phase
compositions are given in Table 4. The liquid coexisting
with the ¢ ferrite at 1400°C is rich in carbon (Table 4).
This liquid becomes austenite on solidification, thus
explaining the large hardness of the martensite.
However, some austenite must also remain untrans-
formed, due to its high carbon content. X-ray diffraction

Chatterjee et al. J TRIP steel

b
6 FEGSEM

images revealing martensite-like plates in
residual phase of as cast alloy A: higher magnification
image (b) reveals midribs in some of plates

showed that about 7-8+0-7 wt-% of retained austenite
is present in the sample in the as cast microstructure.
A set of as cast samples of the alloy was tempered at
300°C for a variety of time periods, to confirm the
carbon content of the martensite. As expected, the
microhardness of the phase was found to decrease
dramatically with increasing tempering time (Table 5).

Table 4 Calculated amount and chemical composition of
phases in equilibrium for alloy A at 1400°C

Composition, wt-%

Phase Amount, wt-% C Mn Si Al P Cu

Ferrite 795
Liquid 20-5

02 21 04 17 02 04
12 37 07 1 02 04

Table 3 Weight fraction and microhardness of constituent phases in as cast microstructure*

Weight fraction
Phase Vickers hardness, HV From hardness From point count
d Ferrite 296420 0-77 0:7440-04
Residual phase 801457 0-23 0-26+0-01
Bulk 412425

*Errors represent + 1. The bulk macrohardness is also stated. Each hardness value is an average of 20 measurements.
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a optical micrograph; b FEGSEM image
7 Alloy A heat treated to produce bainite

Production of bainite

The residual austenite in the as cast microstructure
transformed on cooling to martensite, leaving little
retained austenite. TRIP assisted steels rely on it trans-
forming into bainitic ferrite to leave carbon enriched
retained austenite.

In industrial practice, TRIP assisted steels are induced
to transform into bainite either by coiling the steel at a
high temperature or by arranging the cooling conditions
such that the steel spends time within the bainite trans-
formation range. To simulate this, samples of alloy A
were first heated to 810°C where ~ 60 wt-% of austenite
is expected at equilibrium (Fig. 4). After 12 h at 8§10°C,
the samples were transformed isothermally at 300°C for
6 h. The choice of this time was made by calculating the
transformation kinetics for the expected composition of
the austenite, using the method described in Ref. 50.

Figure 7 shows the mixture of bainitic ferrite and
austenite obtained, together with the dendrites of ¢
ferrite. X-ray analysis revealed 14-3+0-7 wt-% retained

Table 5 Decrease in microhardness as martensite tempers
at 300°C

Tempering time, h Microhardness, HV

0 801457
1 655+23
2 606+ 30
4 529+ 36
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austenite and its carbon content was deduced to be
1-354+0-02 wt-% from the lattice parameter using an
equation due to Dyson and Holmes.>® The quantity of
austenite is however less than the mean value expected
using the model, which for alloy A is predicted to be
39+ 30%.

Large casting

As expected from Fig. 8, the microstructure of the alloy
in the as cast condition reveals o ferrite dendrites
(microhardness 214 +8 HV) and a dark etching residual
phase with a microhardness of 382+22 HV (Fig. 9a).
The latter turned out to pearlite instead of martensite,
presumably because of the slower cooling rates asso-
ciated with a large casting (Fig. 9b).

Figure 8 shows that alloy B consists of 45 wt-% ferrite
and 55 wt-% austenite in equilibrium at 940°C. Samples
were therefore heated at 940°C for 12 h and then
allowed to transform into bainite at 300°C for 3 h.

Figure 10 shows that the distinct morphology of the ¢
ferrite is retained after the heat treatment, although
some austenite has grown into the former ¢§ ferrite.
Bainite has also been induced into the remaining micro-
structure and X-ray diffraction analysis revealed 13-5+
0-9 wt-% retained austenite containing about 1-17+
0-03 wt-% carbon.

The microhardnesses of ¢ ferrite and bainite along
with the bulk hardness of the heat treated sample are
presented in Table 6. The data in Table 6 show that
the observed phase fractions are consistent with the
calculated phase constitution (Fig. 8).

Heat treated samples of the alloy B were tensile tested.
The properties observed at room temperature exhibit a
23% total elongation and an ultimate tensile strength of
1000 MPa (Fig. 11). The 0-2% proof stress was recorded
as 700 MPa. No significant necking of the sample at
fracture occurs with almost all the observed elongation
being uniform. Figure 12 shows the data for the 6 TRIP
steel plotted against a large amount of information from
the literature for a variety of TRIP assisted steels. Point
‘A’ is plotted following the strict definition of uniform
elongation whereas point ‘B’ represents the total
elongation, bearing in mind that the elongation to
failure is almost entirely uniform. It is seen that the
properties of the 6 TRIP steel are impressive.

The true stress—strain plot in Fig. 11 shows steady
strain hardening continuing until fracture, attributed to
the transformation of retained austenite into martensite
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9 Microstructures of as cast alloy B
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during deformation. The X-ray analysis of a sample cut
from near the fracture surface of the tensile specimen
indicated that 7-04+0-8 wt-% of austenite exists, a
reduction by a factor of ~2 relative to the undeformed
state. Bhadeshia®® has indicated that in a bainitic
microstructure, the austenite loses percolation when its
quantity decreases below ~10% of the microstructure.
This is approximately consistent with the fact that
fracture has occurred leaving ~ 7% of retained austenite.

To test further the role of the retained austenite, a
tensile test was conducted at 100°C to reduce its
propensity to transform into martensite during defor-
mation. As pointed out earlier, an extensometer could
not be used so the strain is recorded from the crosshead
movement. The more gradual slope of the elastic part of
the curve is therefore an artefact of the method.

Table 6 Weight fraction of ¢ ferrite and bainite phases in heat treated sample*

Weight fraction
Phase Vickers hardness, HV From hardness From point count
o Ferrite 26749 0:434+0:02
Bainite 519+13 0-57+0:03
Bulk 385+40

*Also included are microhardness and macrohardness values for individual phases and the bulk sample respectively.
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12 Comparison of properties attained against a collec-
tion of data from literature:'' data for  TRIP steel
from Fig. 11 are plotted as black dots; point marked
‘A’ represents uniform elongation only and ‘B’ total
elongation

Figure 13 shows that the strength is maintained when
compared with the ambient temperature test, but the
total elongation is greatly reduced, consistent with a
reduction in the ability to work harden because of
the increased stability of the retained austenite. Indeed,
X-ray analysis confirmed that about 13-04+0-7 wt-%
retained austenite is present in the specimen after
fracture. This is about the same as that of the heat
treated state, suggesting that little strain induced trans-
formation of austenite has occurred during straining.

Summary

Although the objective of attaining ~40% of retained
austenite in a TRIP assisted steel with a low silicon
concentration has not been realised, the combination of
neural network and genetic algorithms helped arrive at a
different concept. In this, ¢ ferrite dendrites replace the
allotriomorphic ferrite found in conventional TRIP
assisted alloys.

The alloy, when transformed into a microstructure
consisting of ¢ ferrite dendrites and a mixture of bainitic
ferrite and carbon enriched retained austenite, is found
to exhibit excellent tensile properties. The elongation is
almost entirely uniform at ~23% at ambient tempera-
ture. It has been demonstrated, by conducting an
elevated temperature tensile test, that the observed
elongation relies on the strain induced transformation
of retained austenite into martensite.

Whether or not this design concept, designated o
TRIP steel, becomes a technological reality will depend
on a variety of additional performance data. For
example, the as cast steel would have to be rolled into
sheet form before heat treatment into the TRIP
microstructure. The authors have also not yet done
any research on the important issue of weldability which
would have to be considered in any serious application.

Finally, it is speculated that some of the discrepancy
between the observed quantity of retained austenite and
that predicted is because solidification results in a non-
uniform distribution of substitutional solutes. For
example, coring is evident in the ¢ ferrite dendrites in
Fig. 5.
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