
A

b
c
a
b
m
i
t
a
f
©

K

1

l
s
[
r
w
e
[
i
t
t
a
[
a
d

0
d

Materials Science and Engineering A 438–440 (2006) 25–34

Quenching and partitioning martensite—A novel steel heat treatment

D.V. Edmonds a,∗, K. He a, F.C. Rizzo b, B.C. De Cooman c, D.K. Matlock d, J.G. Speer d

a Institute for Materials Research, University of Leeds, Leeds LS2 9JT, United Kingdom
b Department of Materials Science and Metallurgy, Pontificia Universidade Catolica-Rio de Janeiro, RJ 22453-900, Brazil

c Department of Metallurgy and Materials Science, Ghent University, BE-9052 Ghent, Belgium
d Advanced Steel Processing and Products Research Centre, Colorado School of Mines, Golden, CO 80401, USA

Received 18 May 2005; received in revised form 3 January 2006; accepted 2 February 2006

bstract

A novel concept for the heat treatment of martensite, different to customary quenching and tempering, is described. This involves quenching to
elow the martensite-start temperature and directly ageing, either at, or above, the initial quench temperature. If competing reactions, principally
arbide precipitation, are suppressed by appropriate alloying, the carbon partitions from the supersaturated martensite phase to the untransformed
ustenite phase, thereby increasing the stability of the residual austenite upon subsequent cooling to room temperature. This novel treatment has
een termed ‘quenching and partitioning’ (Q&P), to distinguish it from quenching and tempering, and can be used to generate microstructures with
artensite/austenite combinations giving attractive properties. Another approach that has been used to produce austenite-containing microstructures

s by alloying to suppress carbide precipitation during the formation of bainitic structures, and interesting comparisons can be made between the

wo approaches. Moreover, formation of carbide-free bainite during the Q&P partitioning treatment may be a reaction competing for carbon,
lthough this could also be used constructively as an additional stage of Q&P partitioning to form part of the final microstructure. Amongst the
errous alloys examined so far are medium carbon bar steels and low carbon formable TRIP-assisted sheet steels.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Conventional quenching and tempering heat treatments have
ong been applied to steels to produce good combinations of
trength and toughness from the martensitic structure (e.g.
1]). More recently, austempering treatments in the bainitic
egion have been applied to steels alloyed with, for example, Si,
hich suppresses bainitic carbide formation such that carbon-

nriched untransformed austenite is chemically stabilized (e.g.
2–4]). The resulting microstructure of bainitic ferrite laths,
ntertwined with interlath retained austenite films, rather than
he ferrite/carbide combinations usual for pearlitic, bainitic or
empered martensitic structures, has promoted the potential for
ttractive properties in, for example, formable sheet steels (e.g.

5,6]) and high strength experimental steels [7–12], as well
s austempered ductile irons (e.g. [13–18]). The present paper
escribes a third way: a new heat treatment that produces a
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icrostructure that also comprises an aggregate of ferrite and
arbon-enriched stabilized austenite, from austenite partially
uenched to martensite rather than transformed to ‘carbide-
ree bainite’ [19–22]. Using martensite, rather than bainitic
errite, has the immediate attraction of attaining potentially
igher strength levels. The heat treatment sequence involves
uenching to a temperature between the martensite-start
Ms) and martensite-finish (Mf) temperatures, followed by a
partitioning’ treatment either at, or above, the initial quench
emperature, designed to enrich the remaining untransformed
ustenite with carbon, escaping from the supersaturated
artensite phase, thereby stabilizing retained austenite phase

o room temperature. Carbon partitioning between martensite
nd retained austenite has been discussed in early literature
e.g. [23]), but as far as the authors are aware, the concept
f using carbon partitioning from martensite to stabilize
etained austenite has never been developed towards a steel

eat treatment process. As for the case of bainitic structures,
uitable alloying must be used to suppress competing reactions,
hich in this instance could include decomposition to bainite

nd pearlite, as well as carbide precipitation. This procedure

mailto:d.v.edmonds@leeds.ac.uk
dx.doi.org/10.1016/j.msea.2006.02.133
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Fig. 1. Schematic Q&P heat treatment: austenitizing at AT is followed by
quenching to transform partially to martensite at QT, before partitioning carbon
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t PT. (Compare with a bainitic austempering treatment, which would quench
irectly to PT, or conventional martensite Q&T, where the quench temperature
ould be preferably <Mf.)

Fig. 1) has been termed ‘quenching and partitioning’ (Q&P),
o distinguish it from quenching and tempering (Q&T).

. Background and quench and partitioning
undamentals

.1. Carbon partitioning: thermodynamics and kinetics

Although the existence of carbon-enriched retained austenite
n martensitic steel microstructures has been known for some
ime [23–25], the process of partitioning from the supersatu-
ated martensite to the untransformed austenite has received little
ttention because the essential elimination of carbon supersat-
ration in the martensite is ordinarily accomplished by carbide
recipitation during tempering [26]. To stabilize the microstruc-
ure the decomposition of any retained austenite phase in tem-

ered martensitic steels is also generally necessary, contrary to
he present approach, and is also achieved by tempering. Thus,
t was first necessary to construct a model addressing carbon
artitioning from as-quenched martensite into untransformed

e
a
t
t

ig. 2. Schematic molar Gibbs energy vs. composition diagrams illustrating metasta
e–C binary system: (a) equilibrium and (b) two possible constrained carbon equilibriu
atisfying the CCE requirement that the chemical potential of carbon is equal in the t
Engineering A 438–440 (2006) 25–34

ustenite [19]. This model assumed conditions where competing
eactions are suppressed to predict the endpoint of partitioning,
hen the martensitic ferrite is in metastable equilibrium with

ustenite. This model also demonstrated the potential of this
ew heat treatment approach.

Metastable equilibrium between austenite and ferrite under
onditions where long-range diffusion of carbon occurs but par-
itioning of slow-moving substitutional elements is difficult, is
escribed by paraequilibrium [27–29], although this concept is
ormally applied during transformation and thus when inter-
ace migration is occurring. Thus, the ferrite/austenite phase
ractions can adjust to ensure that the requirement for equal
hemical potentials of each component (Fe, substitutionals and
) in both ferrite and austenite is met. In the present case the

nterface between martensite and untransformed austenite is
ssumed to be stationary. The metastable ferrite/austenite equi-
ibrium reached by the completion of carbon partitioning in this
ase of an immobile or constrained interface between the two
hases has thus been termed “constrained carbon equilibrium” or
CE [19,30–33]. This situation is described by two conditions:
qual chemical potential of carbon in each phase, and conserva-
ion of iron (and substitutional) atoms in each phase. Fig. 2(b)
llustrates the thermodynamic condition of CCE for two arbi-
rary examples, where the tangents to the ferrite and austenite
ibbs energy curves intersect the carbon axis at a single point,

ndicating equal carbon potentials in ferrite and austenite, but
here the chemical potential of iron is clearly different in each
hase. It can be seen that an infinite set of possible ferrite and
ustenite phase compositions exists, but the conservation con-
ition of the matter balance uniquely determines the applicable
hase compositions. For CCE the phase fractions are determined
y the extent of the martensite reaction at the quench temper-
ture and not by the lever rule applied using an equilibrium
r paraequilibrium tie-line. Thus, by combining the thermody-
amic requirement with the mass balance requirement (due to
he phase fractions fixed by the quench and consequential con-
traint of the interface), it has been possible to calculate the

xtent of carbon partitioning and hence austenite stabilization,
ccording to the total carbon concentration and volume frac-
ions of martensite and untransformed austenite determined by
he quench temperature (obtainable from the Koistinen and Mar-

ble equilibrium at a particular temperature between ferrite and austenite in the
m conditions (I and II) showing two possible ferrite and austenite compositions

wo phases [19].
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ig. 3. Constrained carbon equilibrium calculations for Fe–0.50% C (wt.%) s
emperature for different martensitic ferrite and austenite volume fractions (dete

urger relationship) [19,34]. This has shown that most of the
arbon in the steel is expected to partition to the austenite, and
hus quite high levels of carbon enrichment (Fig. 3), and hence
trong austenite stabilization, are possible.

Fig. 3 also demonstrates how a very high carbon concen-
ration could be achieved by quenching to a low temperature
etween Ms and Mf, giving a relatively small volume fraction
f untransformed austenite to receive the carbon supersatura-
ion, from the balancing high volume fraction of martensite,
uring the subsequent partitioning treatment. In this respect,
&P could well be differentiated from the formation of the

errite/retained austenite microstructure via transformation to
arbide-free bainite, because in the latter case there is likely to
e some linkage between carbon partitioning and bainitic ferrite
ormation, whereas in Q&P the two can be decoupled. Thus, the
&P procedure, giving greater control over the respective vol-
me fractions of martensitic ferrite and untransformed austenite,
an make possible potentially very high carbon concentrations
n the austenite.

The escape of carbon from the martensite to the untrans-
ormed austenite during the partitioning treatment is a critical
tep for the Q&P process, since it competes with the forma-
ion of carbides in the martensite, the normal characteristic of
he tempering process. In order to estimate the time necessary
or the depletion of carbon from martensite, and its homoge-
ization in the adjacent austenite, a series of simulations was
erformed, using the software DICTRA [35]. The calculation
odels the one-dimensional escape of carbon normal to the

lanar interface of a martensitic ferrite lath or plate into the
djacent austenite, assumed also to be plate shaped, and with
dentical composition, using the assumption that only carbon
quilibrates its chemical potential at the interface [36]. For a
teel with composition 0.19% C–1.59% Mn–1.63% Si (wt.%),

nd a simulation of partitioning at 400 ◦C, for average thick-
esses of 0.3 and 0.14 �m for the ferrite and austenite plates,
espectively, based upon microstructural observation by trans-
ission electron microscopy, Fig. 4(a) shows the variation of

b
s
d
F

g carbon concentrations in ferrite and austenite as a function of partitioning
ed by the quench temperature) (molar basis) [19].

he carbon concentration profile in the ferrite for times ranging
rom 0.0001 to 10 s, whilst Fig. 4(b) shows the corresponding
rofiles in the austenite. Each figure relates to a half plate, with
he centre at the left and the interface to the right. The calcula-
ions show, for this particular combination of steel composition,
artitioning temperature and microstructure, that the martensitic
errite plate is depleted in less than 1 s, whilst it takes around
0 s to homogenize the austenite. The escape path of the carbon
etween the martensitic plate and the austenite may be different
o that assumed because the exact morphology and distribution
f the untransformed austenite regions within the partially trans-
ormed microstructure are not known precisely, and might be
xpected to differ, for example, with steel composition (marten-
ite type) and whether the untransformed austenite is interlath
lms (as supposed here) or interpacket pools. Early studies of
uenched martensites recorded different austenite lattice param-
ters in the same specimen thought to be due to separate carbon
oncentrations [37]. However, the calculations indicate that the
arbon is likely to partition in times well within those custom-
rily used for some industrial heat treatments.

.2. Design of heat treatment

A schematic diagram summarizing the sequence of
icrostructural evolution from homogeneous austenite during
&P processing is presented in Fig. 5 [20,21]. Following austen-

tization the steel is quenched to a temperature (QT) calculated
o produce a pre-determined fraction of martensite and balanc-
ng fraction of untransformed austenite. The steel is then raised
o the partitioning temperature (PT), when carbon escapes into
he untransformed austenite, raising its chemical stability so that
fter subsequent cooling to ambient after partitioning, austenite
s retained. As the untransformed austenite is enriched with car-

on during partitioning, its effective Ms–Mf temperature range is
uppressed. For complete chemical stabilization the Ms must be
epressed to room temperature or below, thus, also included in
ig. 5 is the possibility to produce some additional (as-quenched)
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Fig. 4. Calculation of the carbon concentration profiles in wt.% (×10−4) normal
to the planar interface for (a) a martensite plate and (b) an adjacent austenite
plate-shaped region, for times of 0.0001, 0.001, 0.01, 0.1, 1 and 10 s, in Fe–0.19%
C–1.59% Mn–1.63% Si (wt.%) partitioned at 400 ◦C. (Both figures represent a
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for producing a TRIP steel microstructure, it can be assumed that
all of the carbon is in the austenite prior to quenching, as the sol-
ubility of ferrite for carbon is very low. Then, by applying the

Fig. 5. Schematic diagrams of the Q&P process, producing fer-
rite/austenite/martensite microstructures, as appropriate, from homogeneous
austenite [20,21]. (Ci, C� and Cm represent the carbon contents of the initial
alloy, austenite and martensite, respectively, and QT and PT are the quenching
and partitioning temperatures, respectively.)
alf-plate width in metres (×10−8), with centre on the left and interface on the
ight.) The curves for the three longer times in (a) overlap because the martensite
late is depleted of carbon within 1 s.

artensite from insufficiently stabilized austenite during this
nal quenching stage. This martensite will be different to that
reviously formed as it will normally be expected to inherit a
igher carbon concentration. In addition, as discussed below,
ainite might also result from transformation of untransformed
ustenite at longer partitioning times, and might be ‘carbide-
ree’ due to the effect of the alloying elements.

The different heat treatment schedule for processing TRIP
heet steel by Q&P would lead to modified behaviour. In this
ase, an intercritical solution treatment is carried out in the two-
hase region so that the starting microstructure is a mixture of

ustenite and ferrite. It is to be noted that in this case the overall
arbon concentration of the steel will be largely concentrated
nto the smaller volume fraction of austenite before quenching.
s for conventional TRIP steel processing, the potential for sta-

F
e
r
p
d

Engineering A 438–440 (2006) 25–34

ilizing the austenite is therefore enhanced (lower Ms) compared
ith heat-treating homogeneous austenite.
A simple method for determining the optimum quench

emperature to maximize austenite stabilization and retention
fter full Q&P treatment has been developed [20]. This model
ssumes that competing reactions are avoided and that all of the
arbon partitions from martensite to austenite. First, the rela-
ive fractions of martensite and untransformed austenite at the
uench temperature are calculated from the undercooling below
s, based upon the Koistinen–Marburger relationship [20,34],
ith the Ms for the applicable austenite carbon content estimated

rom published correlations. In the case of an intercritical anneal
ig. 6. Predicted components of the microstructure after Q&P treatment for an
xperimental steel [38]. The solid bold line gives the final austenite fraction at
oom temperature. Other lines represent the austenite (�) and martensite (M)
resent at the initial quench temperature, and the additional martensite formed
uring the final quench to room temperature.
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ig. 7. Predicted amount of retained austenite for different carbon contents [38].

oistinen–Marburger relationship again, this time to the carbon-
nriched untransformed austenite fraction after full partitioning,
he final phase fractions after final cooling can be predicted.

Fig. 6 illustrates the predicted evolution of microstructure
ccording to this methodology [20,38]. This indicates an opti-
um quench temperature for yielding the maximum amount

f retained austenite. At quench temperatures above this opti-
um quench temperature, substantial untransformed austenite

emains after the initial quench but the carbon escaping from the
ower volume of martensite is insufficient to stabilize austen-
te such that fresh martensite is formed during quenching to
oom temperature. Below the optimum quench temperature too
uch austenite is transformed by the initial quench (although

ufficient partitioned carbon is available for its complete sta-

ilization). The optimum quench temperature is where just the
ight amount of martensite is formed during the initial quench
o enrich the untransformed austenite after full partitioning to
educe its Ms temperature to room temperature.

T
s
a
c

ig. 9. Electron micrographs of grade 9260 steel quenched to 190 ◦C, held for 120 s, a
mage using (0 0 2) austenite reflection [22].
ig. 8. Final volume fraction of retained austenite measured after partitioning
0 s at 500 ◦C, as a function of quench temperature, and the calculated maximum
raction achievable by full partitioning over this quench temperature range [38].

Fig. 7 illustrates how this model predicts the increase
n final austenite fraction as a function of the initial carbon
ontent of the steel [38]. The figure was originally constructed
o consider the response of a carburized component during
&P processing, and illustrates the importance of carbon

n stabilizing austenite and influencing relevant processing
emperatures.

. Experimental observations and applications

A number of experimental and commercial steel compo-
itions that have so far been examined are given in Table 1.

hese have been mainly representative of medium carbon bar
teels and lower carbon sheet steels, with enhanced Si or Al
ddition. The Q&P heat treatments comprised: for medium
arbon levels—austenitizing at 900 ◦C for 300 s followed by

nd then quenched to room temperature: (a) bright-field image and (b) dark-field
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uenching to the range 150–210 ◦C and partitioning in the range
◦
50–500 C for 10–3600 s; for low carbon levels—annealing

t various temperatures for 180 s followed by quenching to
20 ◦C and partitioning in the range 350–450 ◦C for 3 s. Salt
aths were used for austenitizing and partitioning treatments,

q
o
t
m

ig. 10. Electron micrographs of grade 9260 steel: (a) quenched 190 ◦C and partitio
uenched 190 ◦C and partitioned at 400 ◦C (bright field and dark field using (0 0 2) a
eld and dark field using (1 1̄ 1) epsilon carbide reflection).
Engineering A 438–440 (2006) 25–34

nd a tin–bismuth bath for the lower quench temperatures; final

uenching was into water. The microstructural changes devel-
ped during the Q&P treatment were basically similar across
his range of steels, and so are highlighted and discussed here

ainly for the 0.6 wt.% C bar steel.

ned at 250 ◦C (bright field and dark field using (0 0 2) austenite reflection), (b)
ustenite reflection) and (c) quenched 150 ◦C and partitioned at 250 ◦C (bright
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Fig. 8 shows the variation in retained austenite fraction, mea-
ured by X-ray diffraction analysis, after Q&P treatment in bar
teel grade 9260 (Fe–0.60% C–0.95% Mn–1.96% Si (wt.%))
s compared with the maximum austenite achievable according
o the model described above (Fig. 6) [38]. It can be seen that
he austenite phase fraction follows the predicted relationship
ith quench temperature for this partitioning treatment, but at a

educed level. This indicates the probable intervention of com-
eting reactions that has lowered the concentration of carbon
scaping to the untransformed austenite during the partitioning
reatment.

.1. Microstructures and competing reactions

Fig. 9 shows a typical martensitic microstructure, produced
y an initial quench to the quench temperature, equilibration
or 120 s, followed by a final quench to room temperature [22].

ore retained austenite (>6%) was obtained by this treatment
ompared with that obtained by direct quenching to room tem-
erature (<2%), indicative of some carbon partitioning from
he martensite during the holding time at the quench temper-
ture [38]. However, even after 120 s at this quench temperature
f 190 ◦C there is some evidence for carbide precipitation in
he martensitic ferrite in the bright-field micrograph (Fig. 9(a)).
part from highlighting the competition for carbon, this is also
lausible confirmation that this martensite had formed at the
uench temperature. It also reveals that carbide could already
e present in the martensite before it is raised to the partitioning
emperature. If this is transitional carbide, which is most likely,
aving formed at low temperature, then it could conceivably
e-dissolve at the higher partitioning temperature, providing a
ource of carbon, either for equilibrium cementite formation, or
or further enrichment of untransformed austenite.

Detailed observations by high-resolution electron
icroscopy have been made over a range of quench and

artitioning temperatures and a selection of microstructures is
resented in the electron micrographs of Fig. 10. Fig. 10(a)
hows thin films of retained austenite between martensite laths
fter partitioning at 250 ◦C, and can be compared with Fig. 10(b)
howing the thicker retained austenite films observed after
artitioning at a higher temperature of 400 ◦C. The main reason
or the reduced austenite retention at the lower partitioning
emperatures is due to competition with carbide precipitation.

ig. 10(c) shows copious carbide precipitation typical of that
bserved over the lower range of partitioning temperatures.
his carbide was identified as the transitional epsilon carbide.

t would thus appear that the alloying elements deployed to

able 1
oncentration (wt.%) of principal elements in experimental steels

C Mn Si Al

ar 0.60 0.95 1.96 –

heet 0.35 1.30 0.74 –
0.19 1.59 1.63 –
0.19 1.46 0.02 1.96
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nhibit carbide reactions were ineffective in suppressing the
ccurrence of this phase. The dominant carbide at higher
artitioning temperatures was cementite, for which the alloying
id appear to be effective in suppressing its precipitation,
uch that for shorter times at the partitioning temperature very
ittle cementite was detected, thereby giving ample time for
nrichment of the untransformed austenite.

It has been known for a long time that silicon influences the
equence of reactions customarily observed during the temper-
ng of martensitic steels (e.g. [39,40]). It exerts similar effects
pon the course of the bainite reaction (e.g. [2–4,37,41]). In
articular, it retards the formation of cementite—this can delay
he progress of Stage 3 tempering of martensite (principally, the
ormation of cementite at the expense of transitional epsilon car-
ide) or the formation of cementite during the bainite transfor-
ation, resulting in ‘carbide-free’ bainite. At the same time, sil-

con appears to stabilize the transitional epsilon carbide, which
onsequently persists for longer times and to higher temper-
tures. Its suppression of cementite is usually explained by its
ow solubility in cementite, and thus a need to diffuse away from
he growing carbide [39], and there is experimental evidence that
i is indeed rejected into the surrounding ferrite [42]. In con-

rast, the stabilization of epsilon carbide was thought to be due to
igher silicon solubility in this transitional carbide [40], but mea-
urements by microanalytical transmission electron microscopy
nd atom-probe techniques have not indicated a particularly high
evel of enrichment [42]. Aluminium is thought to behave sim-
larly to silicon in retarding tempering reactions, but there has
een less study of its detailed effect upon the carbide reactions
43].

This respective carbide precipitation may be interpreted to
onform with the schematic C-curve behaviour depicted by
ig. 11, which suggests separate C-curves over different temper-
ture ranges for the transitional carbide and cementite, respec-
ively [44,45]. Fig. 11 also illustrates cementite precipitation
elayed by alloying to present a temperature/time window for
he partitioning heat treatment. The lowest partitioning temper-
ture to achieve effective maximum austenite stabilization in the
teels examined is thus defined by the appearance of the transi-
ional epsilon carbide.

The behaviour in one steel recorded so far can thus be sum-
arized by Fig. 12, constructed from experimental data obtained

ver a range of quench and partitioning temperatures [38]. This
emonstrates how the effect of transitional carbide precipita-
ion in the lower partitioning temperature range dramatically
educes the maximum retained austenite achievable by Q&P
reatment. This diagram indicates how Fig. 8 (showing data
or one partitioning temperature) changes over a range of par-
itioning temperatures. It is clear that in order to expand the
&P heat treatment window to lower partitioning temperatures,
hich may be desirable for application to some industrial pro-

esses, the transitional carbide reaction within the martensitic
errite must be suppressed. Some consolation can be gained,

owever, from the results of the kinetic modelling, which shows
hat precipitation need not be delayed for too long in order to
ive time for the majority of carbon to escape the martensitic
aths.
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ig. 11. Schematic C-curves indicating the effect of Si alloying on carbide pre-
ipitation kinetics.

Another reaction within the martensitic ferrite could be car-
on trapping at the defect structure. Substantial carbon trapping
t dislocations could in some cases influence the levels avail-
ble for stabilization of austenite. It is difficult to draw any
nferences about carbon atom trapping from the electron micro-
cope observations, except that the dislocation substructure in
he martensitic ferrite was much reduced at the higher parti-
ioning temperatures, for example, Fig. 10(b) as compared with
ig. 10(a), which might imply less restraint on dislocation mobil-

ty by carbon during recovery, but clearly this could solely be a
hermal effect, as would be expected. The observation of reduced

ubstructure, however, could inform predictions of final mechan-
cal behaviour.

Alternative reactions affecting carbon enrichment and reten-
ion of the untransformed austenite could be decomposition of

ig. 12. Variation of retained austenite fraction as a function of both quench
emperature and partitioning temperature, for short partitioning times <120 s,
fter [38].
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ig. 13. Variation of retained austenite fraction as a function of partitioning
ime, after [38].

ntransformed austenite during the partitioning treatment to car-
ides, bainite or even pearlite at sufficiently high partitioning
emperatures. Fig. 13 shows the effect of partitioning time on
he final level of retained austenite [38]. A rapid stabilization
f austenite is indicated at very short times, consistent with
he rapid kinetics of escape of carbon from the martensite into
he untransformed austenite. Interestingly, however, these pre-
iminary data also revealed the possibility for a second peak
f retained austenite before the level generally falls off with
ncreasing partitioning time. The error in quantification of the
ustenite fraction is stated as 2% and so this behaviour needs
urther investigation, but one explanation for the appearance of
second peak at intermediate partitioning times, if indeed a real
ffect, might be re-solution of transitional carbides formed at
ower temperatures (Fig. 9). It is assumed that the kinetics of
his reaction would be slower than that of the initial rapid parti-
ioning of carbon to the untransformed austenite (Fig. 4). As the
ormation of cementite would be suppressed by the alloying, the
arbon released from the transitional carbide would be available
or a second wave of carbon enrichment, or carbon replenish-
ent (as the austenite is already less stabilized) leading to a
econd peak of austenite stabilization, as observed.
After an initial short period of carbon partitioning, the overall

ong-term trend is for a reduction in retained austenite with par-
itioning time, which can be explained by carbide precipitation,
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robably occurring at the austenite/martensitic ferrite interfaces.
his would be equivalent to the usual explanation for the forma-

ion of interlath carbide in bainite. It is reported [46] that carbide
recipitation from untransformed interlath austenite observed in
he lower bainite reaction is much slower than the dominant car-
ide precipitation that occurs within the bainitic ferrite.

. Summary

The potential to produce useful ferrite/retained austenite
icrostructures by means of a novel heat treatment route, termed

uenching and partitioning, which utilizes the martensite trans-
ormation, has been described. Substantial volumes of stabilized
ustenite have been achieved, using heat treatments based upon
model assuming full carbon partitioning, verifying that the

roposed Q&P treatment can succeed. Steel compositions so far
xamined have been based upon medium carbon bar steels, e.g.
rade 9260, and formable TRIP-aided sheet steels.

By considering thermodynamic and kinetic models for the
volution of the microstructure, and studying the microstructures
roduced by high-resolution electron microscopy, it is shown or
uggested that the Q&P process has the potential for the control
f a variety of microstructural conditions, including:

(i) The ratio of martensitic ferrite and retained austenite vol-
ume fractions, by choice of quench temperature.

(ii) The nature of the martensite produced, lath or twin, thereby
influencing the form of the ‘partitioned’ martensitic ferrite,
by altering steel carbon content, or austenite carbon con-
centration by intercritical annealing treatments.

iii) Possible variation of the dislocation substructure and car-
bon concentration in the martensitic ferrite, by control of
partitioning treatment, to influence strength.

iv) Variation of carbon concentration and hence stabilization
and properties of untransformed/retained austenite, by con-
trol of partitioning treatment. (The level of carbon enrich-
ment of untransformed austenite is potentially very high if
competing reactions are totally suppressed and the overall
carbon concentration of the steel partitioned to a relatively
small volume fraction of untransformed austenite.)

(v) Development of a mixed martensitic ferrite/bainitic fer-
rite/retained austenite microstructure by allowing some
decomposition to carbide-free bainite at longer partition-
ing times.

vi) The generation, if required, of a dispersion of ‘fresh’ as-
quenched martensite laths in the microstructure, by control
of carbon enrichment of the untransformed austenite such
as to allow some decomposition on cooling to room tem-
perature.

The microstructure of ferrite laths separated by films of
etained austenite is somewhat similar to (though usually some-
hat finer than) that produced by bainitic reaction in steels
imilarly alloyed to suppress carbide formation. However, a
ain advantage of proceeding by this novel heat treatment route
ould be the potential for greater control over evolution of the
icrostructure, especially the level to which the untransformed

[
[

[
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ustenite could be enriched, which initially is decoupled from
he austenite–ferrite phase transformation. However, the parti-
ioning treatment could also involve bainite transformation at
onger times, possibly required by some industrial processes,
ut because a similar microstructure would result, this would
ot be expected to diminish greatly, if at all, the mechanical
roperties.

Further work, both fundamental and applied, is required to
xamine the competing reactions, especially alloying effects on
arbide formation, and the kinetics of the reactions, and to test
nd optimize alloy/microstructure/property combinations and
ncorporate mill processing considerations, in order to clarify
he potential benefits of this innovative martensite heat treat-

ent procedure.
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