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Austenite stabilization from direct cementite conversion in low-alloy steels

Gragory N. Haidemenopoulos

Transformation induced ptasticity (TRIP) effects associated with austenits dispersions in low alloy Fe-Mn-Si steels can be enhanced by
austenite stabilisation. Austenite which forms during conventional intercritical annealing doss not possess the required stability in order to
exhibit TRIP effects. In this work, thermodynamic calculations indicated that it is feasible to form austenite by & cemeniite to austenite
conversion which ccocurs under paraequilibrium conditions, i. with partition of carbon but with ne parition of substitutional alloying ele-
ments. In this way the austenite inherits the manganese content of cementite and is chemnically stabilised. A treaiment consisting of a two-
step annealing has been examined. In the first step, soft annealing, an Mn-enriched cementite dispersicn in ferrite is formed. In the second
step, intercritical annealing, austenite nucleates on the cemeniite particles, which are consumed to form austenite. It was experimentally
determined that this austenite has been enriched in manganese and carbon and, therefore, is stabilised. The conversion reaction is fol-
lowed by the conventional austenite nucleation at ferrite grain boundaries. This austenite is lean in manganese and is not stable. The net
effect of the twe-step annealing treatment is a significant austenite stabilisation relative to simple intercritical annealing, indicating a poten-
tial for ernhanced TRIP effects in this class of stesls.

Austenitstabilisierung durch direkte Zementitumwandiung In niedriglegierten Stahlen. Durch Umwandlung hervergerufene Plastizi-
1étseffekte (TRIP), die mit der Austenitverieiiung in niedriglegierten Fe-Mn-Si Stahlen zusammenhéngen, kénnen durch eine Austenitstabi-
lisierung verstarkt werden. Austenit, der sich beim konventionellen Glilhen im Zwsiphasengebiet bildet, besitzt nicht die erforderliche Sta-
bilitat fir TRIP-Effekte. Thermodynamische Berechnungen zeigen, daf sich Austenit unter Paragleichgewichisbedingungen direkt aus
Zementit bilden kann, d.n. unter Diffusion von Kohlenstoff aber ohne Diffusion von Substitutionslegierungselementen. Dadurch behélt
Austenit den erhdhten Mangangehalt des Zementits und wird stabilisiert. Eine zweistufige Glihbehandlung ist Gegenstand der Untersu-
chungen. In der ersten Stufe, beim Weichgluhen, lagert sich Mn-angersicherter Zementit in Ferrit ein. In der zweiten Stufe, dem Gldhen im
Zweiphasengebiet, bilden sich Austenitkeime an den Zementitteilchen, die in Austenit umwandeln. Es wurde experimentell festgestellt, dai
dieser Austenit mit Mangan und Kohlenstoff angereichert und dadurch stabilisient ist. Dieser ersten Umwandlungsreaktion folgt die korven-
tionelle Austenitkeimbildung an den Ferritkarngrenzen. Der so entstehende Austenit ist arm an Mn und instabil. Im Vergleich zum ginstufi-
gen Giihen im Zweiphasengebiet fihrt der zweistufige ProzeB zu einer wesantlichen Stabilisierung ces Austenits. Hieraus 1453t sich ein

Potential zur Verstirkung der TRIP-Effekte in dieser Gruppe von Stahlen ableiten.

Transformation induced plasticity (TRIP) associated
with both bulk and dispersed austenite can give rise 1o re-
markable mechanical behaviour in steels [1]. Enhance-
ment of ductility and toughness associated with transfor-
mation induced plasticity has been reported in fully aus-
tenitic steels [2; 3] and in ultrahigh-strength steels contain-
ing metastable austenitic dispersions [4; 5]. Recently, it
has been suggested to exploit the TRIP ‘effect, associated
with dispersed austenite, for the enhancement of ductility
and formability in low alloy steels. Maost work in this area
has been performed on austenite stabilisation through the
bainitic transformation. In a fundamental study, Tackechi
and co-workers [6] found that intercritical annealing fol-
lowed by bainite transformation produces significant
quantities of retained austenite. Carbon enrichment and
grain size refincment resulted in austenite stabilisation.
The main effect of manganese was the reduction of the
optimum cooling rate and the increase in the optimum
bainite transformation temperature for stable retained
austenite. On the other hand, the effect of silicon was to
generally increase the stability of retained austenite. In a
recent study [7] a strong correlation between uniform
ductility and retained austenite stability has been attributed
to TRIP effects in bainite-transformed low alloy steels.

Other techniques for austenite stabilisation have been
exploited. Rac [8] demonstrated that excellent combina-
tion of strength and toughness can be obtained in low C-
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Mn steels which contain austenite particles distributed in a
ferrite matrix. A three-step heat treatment was employed to
produce the desired structure. In the first step the steel is
fully austenitized and quenched to form lath martensite. In
the second step the steel is heated below A temperature to
produce a mixture of ferrite and cementite. The third step
involves intercritical annealing to produce a mixture of
ferrite and austenite, followed by quenching. After
quenching, some austenite is retained dispersed in a fer-
rite/martensite matrix. In Rao’s work, this austenite had an
acicular or lath-like morphology. [t is believed that further
improvements in ductility and formability can be obtained
if the stability of dispersed austenite can be controlled for
maximum transformation induced plasticity interactions at
the stress state of interest for forming applications. In a re-
cent work [9], the factors affecting the stability of dis-
persed austenite have been established. They include the
austenite particle size, and chemical composition in stabi-
lising solutes, the stress state and the strength of the ma-
trix. The size dependence comes from the probability of
finding a martensite nucleation site in the austenite parti-
cle, while the compositional dependence is due to the
composition dependence of the thermodynamic driving
force for martensitic transformation. The stress-state de-
pendence comes from the interaction of the transformation
volume change with stress triaxiality while the strength
dependence comes from the mechanical contribution to
the driving force for martensitic transformation. The sta-
bility of dispersed austenite was characterised by a single
parameter, the M? temperature. A functional form hag
been developed in [9], linking the above-mentioned sta-
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Figure 1. Calculated chemical composition (in C, Mn and Si mass
contents) of austenite as a function of annealing temperature

bility parameters with M7 temperature in Fe-Ni-Co steels.
For maximum transformation induced plasticity interac-
tions the m? temnperature for the particular stress state of
interest should be near rcom temperature. This, in turn,
implies that the M, temperature should usually be below
ambient,

The aim of the present work is to further study austenite
stabilisation by exploiting the cementite 10 austenite con-
version during intercritical annealing. In case this reaction
proceeds, then the austenitc will inherit the Mn and C
from the cementite and will be chemically stabilised. At
the same time, by nucleating on the cementite, the aus-
tenite will assume the fine dispersion of the cementite.
This will promote size stabilisation in addition to chemical
stabilisation of the austenite.

These conditions can occur, however, only under ther-
modynamic paraequilibrium between cemcntite and aus-
tenite. Paraequilibrium is cstablished between the two
phases by the diffusion of carbon atoms only, while there
is no diffusion of Mn atoms. Previous work in this area
has been performed by Grujicic et al [10] who established
the requirements for the conversion reaction by studying
the thermodynamics of paraequilibrium cementite to aus-
tenite transformation in Fe-Mn-Si alloys.

In this work thermedynamic calculations werc first per-
formed to estimate the stability of austenite formed during
conventional annealing, ie equilibrium austenite. Then
specific calculations were carried out to study the cemen-
tite to austenite transformation under paraequilibrium
conditions, during intercritical annealing of fer-
rite/cementite mixture. Then experimental work is pre-
sented, which indicates that such a means of austenite
stabilisation is possible.

Thermodynamic caleulations

Equilibrium conditions. The thermodynamic calcula-
tions described here are aimed at assessing the stability
{through Mg temperaturc) of the equilibrium austenite
formed during intercritical annealing.

The calculations were carried out using Thermo-Calc
computaticnal thermodynamics program [11], for the
chemical composition Fe-1.8Mn-1.08i-0.10C (mass con-
tent in %). The equilibrium A and A3 temperatures were
calculated to be 675 and 848°C, respectively. The chemi-
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Figure 2. Calculated M_ temperature and mole fraction of aus-
tenite as a functicn of annealing temperature

cal composition of cquilibrium austenite formed between
A and Az is shown in figure 1. The austenite is depleted
in stabilising solutes C and Mn as the annealing tempera-
ture increases, while there is a slight increase in Si. The
data of figure 1 can be used for the calculation of the Mg
temperature of the equilibrium austenite as a function of
annealing temperature. For the calculation of the Mg tem-
perature, lshida’s recent thermodynamic model [12] was
adopted. This model takes into account magnetic and non-
magnetic contributions to the chemical free energy and in-
corporates mechanical effects to the driving force for
martensitic transformation. The resulting Mg temperature
is shown as a function of annealing temperature through
the two-phase ferrite/austenite and three phase fer-
rite/cementite/austenite regions in figure 2. In the same
figure, the amount {in mole fraction) of the equilibrium
austenite is also plotted. t can be seen that equilibrium
austenite is not very stable since the Mg temperature varies
between 220 and 460°C. Maximum stability of the equi-
librium austenite is obtained at A| tcmperature for near
zero mole fraction of austenite.

From the above calculations, it becomes obvious that
other thermal treatments than simple intercritical anneal-
ing have to be developed in order to increasc the stability
of the precipitated austenite during intercritical annealing.
Later, thermodynamic calculations are aimed at studying
the paraequilibrium cementite to austenite transformation
during intercritical annealing.

Paraequilibrium conditions. Soft annealing below Aj
temperature results in a two-phase ferrite/cementite struc-
ture, with the cementite finely dispersed in the ferrite ma-
trix. Additionally the cementite is enriched in Mn. Figure
3 shows the Mn mass content of cementite formed during
the soft annealing treatment as a function of annealing
temperature. It can be seen that soft annealing in the re-
gion of 650°C results in highly enriched cementite with
Mn mass contents of approximately 17%.. If this high Mn
content of cementite is inherited by austenite during inter-
critical annealing, it will certainly result in enhanced
chemical stabilisation of austenite. In addition heterogene-
ous precipitation of austenite on cementite would ensure a
sufficient grain size refinement of the austenite particles as
well.

The cementite to austenite transformation has been
studied in this work by assuming that paraequilibrium at
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Figure 3. Calculated Mn content of cementite as a function of an-
nealing temperature

Tahle 1. List of symbols

660 670 680 690 700 710

Mf temperaturc at which the required stress for martensitic irans-
’ formation is equal to the yield stress of the parent phase

¥i gustenite in paraequilibrium with cementite
¥ austenite in parasquilibrium with fermite
Taus  austenitizing temperature

[N soft anncaling temperature

T intercritical annealing temperature

the cementite/austenite interface controls the transforma-
tion. In this case formation of austenite occurs by diffusion
of carbon atoms only, while the Mn atoms do not diffuse.

In order to carry out the necessary calculations, the de-
scription of phascs in the Thermo-Cale system has been
modified by the introduction of a non-partitioning ficti-
tious element M, which represents the non-partitioning
elements Mn and Si. In this case new “paraequilibrium
phases" for austenite, cementite and ferrite have been de-
fined. The free energy of these phases iz described in
terms of M-based lattice stabilities and excess quantities,
The latter are readily defined in terms of corresponding
quantities for the non-partitioning elements Mn and Si in-
cluded in the Thermo-Calc database. The procedure is de-
seribed in detail in [13] and need nat be repeated here.

The paracquilibrium phases defined are: @, ferrite in
equilibrium with cementite at the soft annealing tempera-
ture; ¢, cementite which forms during the soft annealing
treatment and having Mn content given in figure 3; yo.
austenite in paraequilibrium with cementite (c) and having
the same Mn and Si content with cementite ; y, . austenite
in paraequilibrium with ferrite () and having the same
Mn and Si contents with ferrite. For list of symbels see
table 1.

At the intercritical annealing temperature, there will be a
competition for the precipitation of y! or ;. The ten-
dency for precipitation of the two phases can be estimated
by calculating the corresponding driving forces for pre-
cipitation. The results of this calculation are shown in fig-
ure 4. [t is evident that the driving force for the precipita-
tion of ! is higher than the driving force for the precipi-
tation of y at all intercritical or supercritical annealing
temperatures. After nucleation y! grows into the cemen-
tite and converts it to austenite. During the conversion,
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Figure 4. Calculated driving force (in J/mol) for the paraequilib-
rium formation of austenite from cementite (¢ --> "} and parae-
quilibrium formation of austenite from ferrite {u > »2 ) as a fune-
tion of intercritical or supercritical annealing temperaturs

carbon is rejected to the surrounding ferrite. The conver-
sion reaction ceases when the carbon content in ferrite (&t}
becomes equal to that set by the ¢f ¢! equilibrium [10].
Further growth of austenite requires the partition of Mn
and Si, under local equilibrium conditions. The above re-
sults indicate that during intercritical annealing of a fer-
rite/cementite mixture, two types of austenite could form.
Initially, y* could form from direct conversion of ce-
mentite under the paraequilibrium conditions just de-
scribed. This paraequilibrium austenite could, therefore,
inherit the Mn content of cementite and be chemically

dnhiliand At tha i ili
stallisedpa isliatedetacecta Hanneal nelihsloanasenilibe

rium reaction should cease and more austenite should form
under local equilibrium by partitioning of Mn and Si. This
austenite should be much leancr in Mn and, therefore, less
stable than the paraequilibrium austenite y: .

Therefore, soft annealing followed by short-time inter-
critical annealing seems to offer a stabilising potential for
dispersed austenite, which is necessary for transformation
induced plasticity interactions. This possibility has been
investigated experimentally.

Experimental procedures

The chemical composition of the steel used in the pres-
ent study is Fe-1.8Mn-1.08i-0.12C (mass contents in %).
The steel was produced as 50kg vacuum degassed ingot in
125mm x 125mm mould. After casting, the slab was ma-
chined to remove the as-cast surface, then hot rolled in a
plate mill to 10mm thickness and subsequently cut into
sections of Im length. After milling on each side of the
band to remove the decarburized layers, a final hot rolling
aperation in a 3-high mill reduced the thickness to 3.5mm.
The steel was subsequently cold rolled to a final thickness
of 0.8 mm.

The heat treatment schadule is shown in figure 5. Tays
1s the austenitizing temperature, 7gpa is the soft annealing
temperature while Ty is the intercritical annealing tem-
perature. Specimens 10mm wide and 50mm long were cut
from the 0.8mm thick strips, The specimens were encapsu-
lated in argon atmosphere and were austenitized at Tays
= 900°C for 1 h, followed by water quenching. The
specimens were then soft annealed at Tgp = 650°C for
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Taus

Figure 5. Heat treatment schedule for the formation of austenite
via paraequilibrium conversion from cementite during intercrilical
annealing. T,, is the soft annealing temperature and 7, is the in-
tercritical annealing temperature

#30°C/1min 050°C/12 ac
L
N\
| T
300°C/24 sec 90°C112 nec

RN

Tempersturs / Length in wrbitrary units

T\

Tims

Figure 6. Temperature -time (T} and length - time (L) dilatometry
data for four different annealing treatments

Table 2. Intercriical annealing treatments. 7, is the intercrilical
annealing temperature while ¢, is the time at 7,

T, "C g8
880 5l
850 12
850 24
800 12
800 24
790 12
790 24

4min in a neutra! salt bath and were then water quenched.
Consequently, specimens of 10mm length and 3mm di-
ameter were prepared in order to continue the heat treat-
ment cycle in the dilatometer. Dilatometry was performed
using an MMC dilatometer operating under vacuum. The
specimen was supported between two platens. The heating
was provided by two induction coils while the cooling was
performed rapidly by the introduction of helium gas into
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Figure 7. Length - temperature dilatometry data for five different
annealing treatments. The arrows point to the respective Mg tem-

peratures

the chamber. The heating rate employed was of the order
of 500°C/min. All the intercritical annealing treatments
were performed in the dilatometer in order to observe
specimen length changes atiributed to austenite formation
and to determine the M, temperature of the precipitated
austenite. Following the soft annealing treatment, the in-
tercritical annealing treatments performed in the dilatome-
ter are shown in table 2. During dilatometry, the length vs
time, temperature vs time as well as length vs temperature
were recorded through the dilatometer computer control.
The dilatomerry specimens were subsequently sectioned
for transmission electron micrascopy (TEM). The speci-
mehs were sectioned with a slow speed diamond saw and
were thinned to 5 um thickness by 600 and 1000 grit em-
ery papers.

Final thinning was performed in a fwin-jet clectro-
polisher at 12.5V. The solution used was 10% perchloric in
methanol. During the process the solution was kept below
-20°C. TEM was performed in a Hitachi H-700 TEM and
a JECL 100CX TEM. Electron energy loss spectroscopy
(EELS) was performed in the Hitachi TEM which was
equipped with an EELS detector.

Results

Combined temperature-time and length-time dilatomeiry
traces are shown in figure 6. [mmediately after the tem-
perature is stabilised at the prescribed value and even be-
fore, there is a marked decrease in length indicating aus-
tenite formation. For the 880°C/60s treatment an initial
abrupt length decrease is observed during the late stages of
sample heating. After temperature stabilisation ta the pre-
scribed value (880°C}) the length continues to decrease but
at a slower rate. This behaviour indicates possibly two dif-
ferent mechanisms of austenite precipitation. During the
cooling run, the spike on the length-time trace corresponds
to martensitic transformation. This behaviour is similar in
all treatments of table 1. Corresponding length-tem-
perature plots from the dilatometric analysis are shown in
figure 7. These plots conform with the behaviour de-
scribed in figure 6 regarding austenite formation. In addi-
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Figure 8. Mg temperature of austenite formed during intercritical
annealing as a function of annealing temperature. The solid lines
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tion, the arrows indicate the corresponding My tempera-
tures of the precipitated austenite during the intereritical
annealing treatment. The measured Mg temperatures are
plotted in figure 8 as a function of annealing temperature
together with the calculated Mg temperature of equilibrium
austenite (dotted line) from figure 2 (Ishida model). The
My is decreasing with annealing temperature, in agreement
with model prediction. However, there is a marked differ-
ence in Mg values with the experimental Mg being lower
than the theoretical prediction indicating higher stabilisa-
tion. The effect increases as the annealing temperature de-
creases,

Transmission electron microscopy was performed after
soft annealing and on the dilatometry samples after inter-
critical annealing. A representative electron micrograph of
the soft annealed structure is shown in figure 9. The mi-
crograph indicates a dispersion of acicular cementite par-
ticles in a ferrite matrix. Average diameter of the cementite
particles was estimated to be about 0.15um. Figure 10
shows a bright field (BF) image in (a) and the associated
diffraction pattern in (b) of a dilatometry sample after in-
tercritical annealing at 800°C/24s The BF image shows a
particle containing internal twins. According to the dif-

Figure 9. Transmission electron micrograph of the microstructure
after soft annealing at 650°C for 4 min showing a fine dispersion
of cementite particles in a ferritic matrix

Figure 10. Bright field image (a) and associated selected area
electron diffraction pattern (b) of a twinned martensite parlicle af-
ter intercritical annealing at 800°C for 24 s

Matrix Particle
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Mn Figure 11. Electron energy loss spectra
: \ E 3 . oA e A ; : {EELS]) of {a) the surrounding matrix and {b)
0 : : bt
600 700 800 900 1000 1100 gop 700 800 00 1000 1100 martensite particle shown in figure 10,
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showing substantial enrichement of the
particle in manganese
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fraction pattern the particle was identified as [111] BCC,
indicating that the particle is martensitic. Figure 11 shows
Electron Energy Loss Spectroscopy (EELS) spectra from
the same particle and from the surrounding matrix, The
spectra indicate a substantial Mn enrichment of the
twinned martensitic particle.

Discussion

The dilatometric analysis indicated that during the late
stages of heating to the intercritical annealing temperature,
austenite starts to torm. Austenite continues to form but at
a different rate after the temperature has reached the
specified anncaling temperature. The different rates of
austenite formation suggest that austenite precipitation is
proceeding in two different stages. In the first stage, aus-
tenite nucleates at the cementite particles and grows by
consuming the cementite. [n other words cementite is con-
verted to austenite according to the paraequilibrium reac-
tion. In the second stage, the austenitc nucleates at the
ferrite grain boundaries according to the equilibrium oy
transformation which involves partition of the zalloying
elements. The paraequilibrium conversion is preceding the
equilibrium austenite formation due to the higher driving
force of the former , accarding to the calcunlations of figure
4. Therefore, due to the short annealing times employed,
there will be a substantial amount of paraequilibrium aus-
tenite relative to the equilibrium austenite. The former
possesses higher stability, since it inherits the alloy content
of cementite. This argument is supported by the measured
M, temperatures in figure 8, which indicate substantial
austenite stabilisation with respect to the formation of
equilibrium austenite.

The results from TEM/EELS also indicate that cementite
conversion 1o austenite is in fact taking place. The
martensite particle of figure 10 is deformed by twinning.
This means that the parent austenite particle had been en-
riched in carbon in excess of 0.4-0.5 (mass contents in %),
since the lattice-invariant deformation of martensitic trans-
formation of high carbon austenites is accommodated by
internal twinning of the martensite phase [14]. The carben
enrichment of the austenite is attributed to nucleation on a
high-carbon source nucleating site in the ferrite/cementite
microstructure. In addition, the EELS spectra of figure 11
indicated significant enrichment of the particle in Mn.
Both these experimental observations lead to the conclu-
sion that the parent austenite particle is the result of con-
version of cementite to avstenite. The austenite then in-
herits the Mn content of cementite while 1t is enriched in
carbon. In addition, the austenite particle maintains the
small size of the cementite particle. The chemical enrich-
ment (in Mn and C) in conjunction with grain size refine-
ment of the austenite lead to substantial austenite stabili-
sation. A rough estimate of the My temperature of the
austenite can be made by implementing the Ishida model
[12]. The assumption is made that the austenite inherits all
the Mn in cementite, i.e. 17% (mass contents) from figure
3 and that the austenite carbon mass centents are 0.5%.
According to this calculation My = -10°C (the austenite
particle transformed to martensite since the TEM prepara-
tion togk place at below -20°C). The achieved degree of
austenite stabilisation is substantially compared to the
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stability of equilibrium austenite tormed during conven-
tional annealing. Austenite stabilities corresponding to
subzero My temperatures are essential for enhanced trans-
formation induced plasticity effects. So far the stability of
austenite that forms during intercritical anncaling is higher
than the stability of cquilibrium austenite {as depicted by
the Mg values of figure 8), however, the stability is still
low for significant TRIP interactions. This is due to the
relatively small total amount of austenite that forms by the
paraequilibrium cementite conversion. More work on the
optimisation of the heat treatment is currently heing per-
formed in such a way that maximum amounts of stable
austenite could be achieved.

Conclusions

Taking into account the preceding discussion, the fol-
lowing conclusions can be drawn regarding the precipita-
tion of austenite during intercritical annealing:

- austenite formation occurs in two stages; in the first
siage, at short annealing times, austenite forms by a ce-
mentite to austenite conversion reaction while in the sec-
ond stage austenite forms at the ferrite grain boundaries;

- the conversion of cementite to austenite occurs under
conditions of paraequilibrium, i.e. partition of carbon but
no partition of substitutional elements. This type of reac-
tion is thermodynamically feasible (driving force consid-
erations);

- the austenite which forms by the paraequilibrium ce-
mentite conversion inherits the high Mn and C contents of
cementite and, therefore, is chemically stabilised;

- soft annealing below the A | temperature for the form-
ation of an Mn-enriched cementite dispersion followed by
short time intercritical annealing for the paraequilibrium
cementite to austenite conversion seems to be a promising
route for austenite stabilisation targeted for transformation
induccd plasticity applications.
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