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ABSTRACT

A new idea for the heat treatment of martensite, different to customary quenching and tempering, is
first explained: the new process involves quenching to a temperature between the martensite-start (M)
and martensite-finish (My) temperatures, followed by ageing, either at, or above, the initial quench
temperature, whereupon carbon can partition from the supersaturated martensite phase to the
untransformed austenite phase, thereby increasing its stability upon subsequent cooling to room
temperature. This new treatment has been termed ‘Quenching and Partitioning’ (Q&P), to differentiate
it from quenching and tempering (Q&T), and could be used to create microstructures with
martensite/austenite combinations with potentially attractive properties. However, to be effective, it is
necessary to protect the carbon from competing reactions during the partitioning treatment, principally
carbide precipitation, and this aspect has been examined in the present work. Firstly, the volume
fraction and morphology of the untransformed austenite will depend upon the quench temperature. This
will influence the partitioning behaviour, including the kinetics and perhaps the final solute carbon
concentration of the austenite, along with the sequence of possible competing reactions, which are
themselves also affected by the choice of partitioning temperature. Si additions can be used
successfully to suppress cementite formation, but this element has less effect upon the formation of
transitional carbides such as epsilon carbide. Combinations of quench and partitioning temperatures,
allied to the alloying approach and kinetics of partitioning, must be chosen in order to locate the heat
treatment window that will maximize the extent of carbon partitioning and hence control the
stabilisation of the austenite, to achieve the optimum structure and properties. Some aspects of the
mechanical behaviour of a quenched and partitioned TRIP steel recently examined are presented.
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INTRODUCTION

Quenching and tempering heat treatments have long been successfully applied to steels to produce
good combinations of strength and toughness from martensitic microstructures [eg 1]. During
tempering the carbon supersaturation in the martensite is reduced by carbide precipitation, lowering
hardness and strength, but relieving internal stress and improving toughness. Any residual
untransformed austenite is also decomposed, improving microstructural stability. The present paper
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reports on the development of a novel way to develop a new form of microstructure [2-10], based also
upon quenched martensite, but by deploying a heat treatment sequence that achieves almost the
opposite: suppression of carbide precipitation and stabilisation of residual austenite. Instead of
relieving carbon supersaturation in the martensite by carbide precipitation, the latter is suppressed by
suitable alloying, giving sufficient time for carbon to escape from the martensitic laths or plates to the
untransformed austenite, raising its carbon level and achieving its retention. Thus, residual austenite is
first encouraged by only a partial quench, to a temperature between the martensite-start (M;) and
martensite-finish (My) temperatures, followed by a ‘partitioning’ treatment either at, or above, the
initial quench temperature, designed to enrich the remaining untransformed austenite with carbon
escaping from the supersaturated martensite phase. This form of heat treatment produces a
microstructure that comprises an aggregate of ferrite (martensite) and carbon-enriched stabilised
austenite, similar to so-called ‘carbide-free bainite’ microstructures [11-13], of recent interest with
respect to high-strength steels [14-18], including more recently, ‘hard bainite’ [eg 19,20], to automotive
TRIP steels [eg 21,22] and to austempered ductile irons [eg 23-28]. This procedure, illustrated by Fig. 1
[3, 4], has been termed ‘Quenching and Partitioning’ (Q&P), to distinguish it from quenching and
tempering. The emphasis of the work presented in this paper is to explore and confirm the sequence of
microstructural changes that occur during evolution of the microstructure by this heat treatment
procedure.

Temperature

Fig. 1 Schematic Q&P heat treatment process producing austenite/martensite microstructures, as
appropriate, from homogeneous austenite [20,21]. (C;, Cy, and Cy, represent the carbon contents of the
initial alloy, austenite, and martensite, respectively, and QT and PT are the quenching and partitioning
temperatures, respectively.)

BACKGROUND TO THE Q&P HEAT TREATMENT CONCEPT

Thermodynamics of Carbon Partitioning

Austenite decomposition at sub-critical low temperatures, where long-range diffusion of carbon can
occur but partitioning of slow-moving substitutional elements 1is difficult, is described by

paraequilibrium [29-31]. Under this condition, where the interface is normally mobile, requiring short-
range movements of iron and substitutional atoms, the ferrite/austenite phase fractions can adjust to
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ensure that the requirement for equal chemical potentials (or partial molar free energies) of each
component (Fe, substitutionals and C) in both ferrite and austenite is met. However, under the
conditions imposed by the Q&P heat treatment, the austenite/ferrite phase fractions are fixed by the
initial quench. Thus, during the subsequent partitioning treatment, the interface between martensite and
untransformed austenite is assumed to be stationary, precluding even short-range diffusion of iron and
substitutionals. In this case of an immobile or constrained interface between the two phases, the
metastable ferrite/austenite equilibrium reached by the completion of carbon partitioning has thus been
termed “constrained carbon equilibrium” or CCE [2,6,32-34].

This situation is described by two conditions: equal chemical potential of carbon in each phase, and
conservation of iron (and substitutional) atoms in each phase. The CCE states for two arbitrary
examples, where the tangents to the ferrite and austenite free energy curves intersect the carbon axis at
a single point, indicating equal carbon potentials in ferrite and austenite, but where the chemical
potential of iron is clearly different in each phase, are illustrated in Fig. 2(a), alongside the normal
metastable equilibrium (Fig. 2(b)). Consequently, an infinite set of possible ferrite and austenite phase
compositions exists, with the applicable one uniquely determined by the conservation condition of the
matter balance.

L= L,
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Fig. 2 Schematic molar Gibbs free energy versus composition diagrams illustrating metastable
equilibrium at a particular temperature between ferrite and austenite in the Fe-C binary system: (a)
constrained carbon equilibrium conditions (I and II) showing two possible ferrite and austenite
compositions satisfying the CCE requirement that the chemical potential of carbon is equal in the two
phases, and (b) normal equilibrium [2].

Thus it is demonstrated that for CCE the phase fractions are determined by the extent of the martensite
reaction at the quench temperature and not by the lever rule applied using an equilibrium or
paraequilibrium tie-line. The extent of carbon partitioning may then be calculated by combining the
thermodynamic requirement with the mass balance requirement according to the total carbon
concentration and volume fractions of martensite and untransformed austenite determined by the
quench temperature (obtainable from the Koistinen and Marburger relationship) [2,35]. This shows that
most of the carbon in the steel is expected to partition to the austenite, to give high levels of carbon
enrichment (eg Fig. 3), and hence strong potential for austenite stabilisation.
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Fig. 3 Carbon concentrations in ferrite and austenite for the CCE condition, as a function of

partitioning temperature, for different martensite and austenite volume fractions, calculated for Fe-1.0
C (wt%) [2].

Heat Treatment Design

The schematic diagram showing the heat treatment cycle, presented in Fig. 1 [3,4], also summarises the
hypothesized sequence of microstructures evolving from homogeneous austenite during Q&P
processing. As the untransformed austenite is enriched with carbon during partitioning, its effective M
- M¢ temperature range is suppressed. For complete chemical stabilisation of austenite the Mg must be
depressed to room temperature or below, otherwise some additional ‘fresh’ as-quenched martensite will
be present at room temperature. The microstructural sequence during the processing of TRIP sheet steel
essentially differs only by the presence of intercritical ferrite from solution treatment carried out in the
two-phase region In this case the overall carbon concentration of the steel will be concentrated into the
smaller volume fraction of austenite before quenching, and the potential for stabilising the austenite is
therefore influenced (lower M) in comparison with heat-treating of homogeneous austenite.

The efficient stabilisation of austenite is consequently a balance between the fraction of austenite,
determined by the quench temperature, and the available carbon. If competing reactions are ignored,
the latter is determined by the carbon concentration of the steel and also by the quench temperature,
which gives the fraction of martensite, which is the source of additional carbon during the partitioning
treatment. Two extremes can be considered: at a high quench temperature (just beneath M) only a
small fraction of martensite is formed, and so the large balance of untransformed austenite inherits only
a small amount of additional carbon during partitioning, resulting in little extra chemical stabilisation,
whereas, at a low quench temperature (just above My), a large volume of martensite is formed,
discarding its carbon into a correspondingly small fraction of untransformed austenite — the chemical
stability of this austenite is assured at room temperature, but its volume fraction, determined by the low
quench temperature, remains low. If the maximum austenite fraction is desired, it is necessary to
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identify the quench temperature between these extremes that produces just the right amount of
martensite required to enrich the untransformed austenite with carbon, after full partitioning, to reduce

its Mg temperature to room temperature.

A simple method for determining this optimum quench temperature has been developed [3], assuming

that competing reactions are avoided and that all of the carbon partitions from martensite to austenite

The relative fractions of martensite and untransformed austenite at the quench temperature are
calculated from the undercooling below M, based upon the Koistinen-Marburger relationship, with the
M; for the applicable austenite carbon content estimated from published correlations. (In the case of
intercritically-annealed TRIP steels, it can be assumed that all of the carbon is in the austenite prior to
quenching, as the solubility of carbon in ferrite is very low.) Then, by applying the Koistinen-
Marburger relationship again, this time to the carbon-enriched untransformed austenite fraction after

full partitioning, the final phase fractions after final cooling can be predicted.

Figure 4 illustrates the predictions according to this methodology [3,36], for both homogeneous
austenite and intercritically-annealed austenite in two different steel compositions, indicating the

optimum quench temperatures for yielding the maximum amount of retained austenite.
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Fig. 4 Predicted components of the microstructure after Q&P treatment for (a) an experimental
0.6wt%C bar steel [36], and (b) a high-Al TRIP sheet steel containing 50% intercritical ferrite [3].
(The solid bold line gives the final austenite fraction at room temperature, whilst the dashed lines
represent the austenite (y) and martensite (M) present at the initial quench temperature, and the
additional ‘fresh’ martensite formed during the final quench to room temperature.)
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Kinetics of Carbon Partitioning

A critical step in the Q&P process is the escape of carbon from the martensite laths or plates to the
untransformed austenite during the partitioning treatment. It is critical because it competes with the
formation of carbides in the martensite, the normal characteristic of the tempering process. Once in the
austenite, the risk of carbide formation is considered to be much reduced, for instance, it is reported
[37] that carbide precipitation from untransformed interlath austenite observed in the lower bainite

reaction is much slower than the dominant carbide precipitation that occurs within the bainitic ferrite

The carbon also needs to homogenise within the austenite in order to protect it fully against any

decomposition to ‘fresh’ martensite upon cooling to room temperature.

The partitioning of carbon from martensite to austenite has been simulated [8] using DICTRA software
[38], with the assumption that only carbon equilibrates its chemical potential at the interface [39]. Two
side-by-side plate-shaped regions of martensite and austenite were assumed, of average thickness 0.3
and 0.14 pm, respectively, based upon transmission electron microscopy measurements. Figure 5
shows the evolution of the carbon concentration profile in the martensite and austenite regions, for

times ranging from 0.0001 to 10 seconds, for a steel with composition 0.19%C-1.59%Mn-1.63%S
partitioned at 400°C.
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Fig. 5 Carbon concentration profiles (wt %) in the ferrite and adjacent austenite during partitioning at
400°C for times ranging from 10™ to 10 seconds, calculated for Fe-0.19%C-1.59%Mn-1.63%Si [8].

i

HOME



It is revealed, for the conditions considered, that the martensite is depleted of its carbon in less than 0.1
seconds, but that it takes around 10 seconds to homogenise the austenite (which is also roughly half the
width of the martensite in this example). The calculations indicate that the mobile carbon is likely to
have escaped from the martensite in times well within those customarily used for industrial heat
treatments. However, the calculations have relevance to the likely chances for inhibition of competing
carbide precipitation within the ferrite [8]. Although Fig. 5 indicates that a martensite plate should be
depleted of its carbon in around 0.1 seconds, the driving force for carbide precipitation starts
decreasing much earlier, as soon as the carbon concentration begins to fall. The time period available
for carbide precipitation in the martensite may thus be estimated from the time before impingement of
the diffusion fields at the centre of the plate, represented by the moment at which the carbon flux
reaches the centre of the plate. Figure 6(a) shows how the carbon concentration in the centre of the
martensite (ferrite) plate varies with time during partitioning, whilst Fig. 6(b) shows the flux of carbon.
It is reasonable to estimate the period available for carbide precipitation, before the carbon flux is
substantial in the centre of the plate, at about 10~ seconds.
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Fig. 6 (a) Carbon concentration and (b) carbon flux in the centre of a ferrite plate-shaped region, as a
function of time.

The calculations show that homogenisation of the austenite is some two orders of magnitude slower
than carbon depletion of the martensite. Consequently, even though carbon depletion of the martensite
plate, and hence the corresponding enrichment of the adjacent austenite plate, is virtually complete
after 0.1 seconds (Fig. 5), at this point most of the carbon remains concentrated in a thin region of
austenite adjacent to the interface, and the majority of the austenite plate still has its original carbon
composition. Thus it can be hypothesised that the stabilisation of the austenite occurs progressively,
from the interfaces towards the centres of the austenite regions, following the inward advance of the
increased carbon concentration corresponding to an M at room temperature [9]. Therefore, by applying
the Koistinen-Marburger relationship at each point across the austenite plate-shape the carbon
concentration profile (Fig. 7(a)) can be exchanged for a profile of stabilised austenite (Fig. 7(b)) [9].
The final theoretical austenite phase fraction, as a function of quench temperature, can then be re-
calculated (Fig. 8), taking into account these kinetics for migration of the carbon across the austenite
region, whereupon it has been found that beneath the optimum quench temperature (for QT=180°C)
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Fig. 7 Schematic diagrams of (a) the carbon concentration profile across an austenite plate-shaped
region, and (b) the corresponding fraction of stabilised austenite [9], calculated for times in the range
10 to 10 seconds, for Fe-0.19%C-1.59%Mn-1.63%Si partitioned at 400°C. (Both figures represent a
half-plate with centre on the left and interface on the right.)
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Fig. 8 Final austenite fraction versus quench temperature after full austenitisation for a 0.19%C-
1.59%Mn-1.63%S1 composition. The solid curve is constructed without taking into account the
calculated partitioning kinetics [9], whereas individual data points incorporate the partitioning kinetics.

(Ref [10] in this figure refers to Ref [3] in the present paper.)
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maximum stabilisation is achieved after 0.1s, but that above the optimum quench temperature (for
QT=295°C and 320°C), the theoretical maximum can be exceeded for intermediate times, 0.1s roughly
doubling the stable austenite fraction, from 4 to 9%, before it settles at the theoretical level after 10s.
This indicates that the kinetics of partitioning may well affect the potential to stabilise austenite, of
possible practical importance to industrial processes, particularly in potentially widening the range of
quench temperatures delivering substantial fractions of stabilised austenite. It should be noted that the
points plotted in Fig. 8 were specifically calculated to incorporate the kinetics of partitioning at 400°C,
and that partitioning at different temperatures would affect the associated kinetics.

EVOLUTION OF THE Q&P MICROSTRUCTURE

Examples of the composition ranges of a number of experimental and commercial steels that have so
far been examined are given in Table 1. These have been mainly representative of medium carbon bar
steels and lower carbon sheet steels, with enhanced Si or Al additions. The Q&P heat treatments mainly
comprised: for medium carbon levels - austenitising at 900°C for 300 s followed by quenching to the
range 150-210°C and partitioning in the range 250-500°C for 10-3600 s; for low carbon levels -
annealing at either 950°C, 900°C or 820°C for 180 s (to achieve either full austenitisation or
intercritical ferrite, respectively) followed by quenching to the range 200°C - 260°C (holding for 3-10
s) and partitioning in the range 350°C - 450°C for 10-1000 s. Salt baths were used for austenitising,
intercritical annealing, and partitioning treatments, and a tin-bismuth or a low temperature molten salt
bath was used for the lower quenching temperature treatments. Final quenching was into water.
Experimental details regarding the heat-treatment of the high-Al sheet steel composition are published
elsewhere [3].

Table 1 Concentration (wt%) of principal elements in experimental steels.

C Mn | Si Al
Bar ]0.60 095|196 -
0351130074 | -
Sheet | 0.19 | 1.59 | 1.63 | -
0.19]11.46 | 0.02 | 1.96

Quenching Treatment

It is difficult with the Q&P heat treatment sequence to examine the starting microstructure before
partitioning, because this is created and exists only at the quench temperature between Mg and My,
characteristically well above room temperature for the carbon and low alloy steels of current interest.
However, inferences can be drawn from an interrupted quench to room temperature. Figure 9 shows
typical examples of light and electron micrographs of quenched martensite structure in one of the
experimental steels (Fe-0.60%C-0.95%Mn-1.96%S1) quenched first to a temperature between My and
My, equilibrated for 120 s, and then given a final quench to room temperature. Examination by X-ray
diffraction revealed >6% retained austenite after interrupted quenching as compared with <2% after
direct quenching [36], illuminated in dark-field using an austenite reflection in Fig. 9(c). This suggests
carbon enrichment of austenite at the initial quench temperature, the additional carbon partitioning
from a martensite fraction that must therefore have been present. Additionally, there is some evidence
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of carbide precipitation, thought but not proven unambiguously to be transitional epsilon carbide, in the
martensite after interrupted quenching, indicated by the arrow in the bright-field TEM micrograph of
Fig. 9(b). Both observations are plausible confirmation that a mixed martensite/untransformed austenite
structure was present at the initial quench temperature between M; and My, as required.

(b) (©)

Fig. 9 Microstructures of grade 9260 bar steel (Fe-0.60%C-0.95%Mn-1.96%S1) quenched to 190°C,
held for 120 s, and then quenched to room temperature: (a) light micrograph, (b) TEM bright-field
image and (c) TEM dark-field image using the (002) austenite reflection [5].

Partitioning Treatment

Partitioning treatments above the initial quench temperature, and above the Ms, fall into the bainite
transformation temperature range. It is thus instructive to determine the microstructural differences
between steel subjected to the Q&P treatment, or to an austempering treatment at the same
(partitioning) temperature to produce bainite. Figure 10 compares micrographs obtained by both light
and electron microscopy, of the two heat treatment routes in medium carbon grade 9260 steel (Fe-
0.60%C-0.95%Mn-1.96%S1) for treatment at 400°C. The Q&P microstructure appears significantly
different than the austempered microstructure: the former has the characteristics of a martensitic
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(©) ®

Fig. 10 Microstructures of grade 9260 bar steel (Fe-0.60%C-0.95%Mn-1.96%Si) given either a Q&P
treatment with partitioning at 400°C for 120 s (for QT=190°C) (a-c), or an austempering treatment at
400°C for 120 s (d-f): (a) light micrograph, (b) TEM bright-field image and (c) TEM dark-field image
using the (002) austenite reflection, of Q&P structure [10]; (d) light micrograph, (¢) TEM bright-field
image and (f) TEM dark-field image (of central region of (e)) using the (420) austenite reflection, of
austempered structure.
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structure, eg highly dislocated laths in a packet arrangement, with films of retained austenite detectable
between the laths/plates, whilst the latter has the generally courser, more feathery appearance
associated with bainite, but with austenite films interwoven with the bainitic ferrite plates, a
characteristic of the ‘carbide-free bainite’ expected in a steel containing a high concentration of Si that
will suppress bainitic carbide formation [11-13]. The observations recorded in Fig. 10 are the result of
specific comparative experiments on a fully austenitised medium carbon steel, but the two
microstructures can be similarly distinguished in lower carbon TRIP steels compared either after
conventional heat treatment to give bainitic regions, or after a Q&P treatment. Two important
conclusions may be drawn from these observations; firstly, that Q&P produces a different
microstructure (and generally more refined microstructure) than austempered bainite, and that also, the
two forms of microstructure may be differentiated. This is important because the bainite transformation
can be a ‘competing reaction’ that could reduce the maximum volume of retained austenite attainable.

Figure 11 illustrates the Q&P structure in the medium carbon grade 9260 steel (Fe-0.60%C-0.95%Mn-
1.96%Si) after partitioning for 900 s at 500°C. After such longer times, especially in the higher
temperature range, less austenite can be stabilised and retained owing to competition with other
possible alternative reactions. In this case no retained austenite films were detected, but a distribution
of coarse cementite is visible, both within the ferrite plates (indicative of competition with carbon
escape from the martensite) and at plate boundaries (indicative of precipitation in the austenite or most
probably at the austenite/martensite interfaces).

(@) (b)

Fig. 11 Q&P microstructure in a medium carbon grade 9260 bar steel (Fe-0.60%C-0.95%Mn-1.96%S1)
after quenching to 190°C and partitioning for 900 s at 500°C: (a) TEM bright-field image, and (b)
TEM dark-field image using the (202) cementite reflection.

As mentioned already, the partitioning treatment can be at, or above, the initial quench temperature.
The results described above in respect of the observations shown in Fig. 9 confirm that both
partitioning of carbon from martensite to untransformed austenite, and a carbide precipitation reaction
competing for carbon in the martensite, have already begun at the initial quench temperature in this
example.
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Figure 12 shows the experimental variation in retained austenite fraction, measured by X-ray
diffraction, after Q&P treatment in bar steel grade 9260 (Fe-0.60%C-0.95%Mn-1.96%Si1) as compared
with the maximum austenite achievable according to the theory described above (Fig. 4) [36]. It can be
seen that the experimental austenite phase fraction follows the predicted relationship with quench
temperature for this partitioning treatment, but at a reduced level. This indicates the probable
intervention of competing reactions that have either lowered the concentration of additional escaping
carbon available to the untransformed austenite during the partitioning treatment, or reduced the
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Fig. 12 Final volume fraction of retained austenite as a function of quench temperature, measured after
a partitioning treatment of 10 s at 500°C, and the calculated maximum fraction if full carbon
partitioning is achieved over this quench temperature range for grade 9260 bar steel (Fe-0.60%C-
0.95%Mn-1.96%S1) [36].

volume of untransformed austenite by its decomposition. These can include: amongst the first type of
competing reaction; carbon trapping in the martensite; carbide precipitation in the martensite; carbide
precipitation in the austenite; and amongst the second type; bainite transformation of the austenite;
pearlite transformation of the austenite. The last of these is dependent upon intersection with the lowest
portion of the diffusional transformation C-curve at the relatively low temperatures of interest, and thus
is expected to initiate only after very long times, thought to be of marginal concern to industrial
processes, and most likely to be preceded by the other alternative reactions. Less marginal might be
decomposition of the residual austenite to bainite, most likely when large pools of untransformed
austenite remain after the initial quench but which could be possible within the timescale of industrial
processing, although less than required for escape of the carbon from the martensite phase. However,
although expected to limit the amount of stabilised austenite achievable by the Q&P process, this
bainite would be ‘carbide-free’ and also consist of a mixture of bainitic ferrite with retained austenite
[11-13]. Thus, in the context of microstructural observations considered here, significance is attached
to the potential individual carbide reactions, and for the reason already mentioned above, that carbide
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precipitation within the austenite is expected to be sluggish compared with that in martensitic ferrite,
attention is focused upon carbide precipitation within the martensite.

Figure 13(a) shows thin films of retained austenite between martensite laths after partitioning at 250°C,
and can be compared with Fig. 10(a) showing the thicker retained austenite films observed after
partitioning at a higher temperature of 400°C. Reduced austenite retention at the lower partitioning
temperatures was found to be due to carbide precipitation in the martensite phase. Figure 13(b) shows
copious precipitation, identified by electron diffraction (Fig. 13(c)) as transitional epsilon carbide,
typical of that observed over the lower range of partitioning temperatures. Consequently, the alloying
elements used to inhibit carbide reactions were ineffective in suppressing the occurrence of this phase
sufficiently to allow escape of all of the carbon from the martensite. The dominant carbide at higher
partitioning temperatures was cementite, for which the alloying did appear to be effective in
suppressing its precipitation, such that for shorter times at the partitioning temperature very little
cementite was detected, thereby giving ample time for enrichment of the untransformed austenite with
carbon diffused from the adjacent martensite.

Silicon, and to a lesser extent, aluminium, are known to influence the sequence of reactions customarily
observed during the tempering of martensitic steels [eg 40-42] or the course of the bainite reaction [eg
11-13,43,44], by retarding the formation of cementite and thus, either delaying the progress of Stage 3
tempering (principally, the formation of cementite at the expense of transitional epsilon carbide) or
producing ‘carbide-free’ bainite. This suppression of cementite was first explained by the low solubility
of Si in cementite, and thus a need to diffuse away from the growing carbide [40], and there has been
more recent confirmatory experimental evidence that Si is rejected into the surrounding ferrite [45]. In
contrast, Si appears to stabilise the transitional epsilon carbide during tempering, which consequently
persists for longer times and to higher temperatures, and although this was thought to be due to higher
silicon solubility in the transitional carbide [41], measurements by atom-probe and field emission
STEM techniques have not indicated a particularly high level of enrichment [45]. The appearance of
the transitional epsilon carbide therefore effectively defines the lowest practical partitioning
temperature likely to achieve close to the theoretical maximum of austenite stabilisation.

For steel subjected to intercritical annealing, the behaviours described above are essentially the same,
the only difference being the presence of intercritical ferrite in the final microstructure. The austenite
phase, of course, will contain excess carbon, inherited from the intercritical ferrite region during
intercritical annealing. Figure 14 shows thick austenite regions associated with partitioned martensite,
similar to those mentioned above for medium carbon steels quenched from homogeneous austenite, in
an intercritically annealed steel subjected to a Q&P treatment [9]. Intercritical ferrite is also visible in
this micrograph.
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Fig. 13 Microstructures of grade 9260 bar steel (Fe-0.60%C-0.95%Mn-1.96%Si): (a) quenched to
190°C and partitioned at 250°C (bright field and dark field using (002) austenite reflection), (b)
quenched to 150°C and partitioned at 250°C (bright field and dark field using (1-11) epsilon carbide
reflection) [10], and (c) same area diffraction pattern from central region of (b) with schematic
indexing identifying epsilon carbide.
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Fig. 14 TEM micrographs of the Q&P microstructure produced by intercritical annealing (o;c=25%) a
0.19%C-1.59%Mn-1.63%S1 TRIP steel composition, followed by quenching to 260°C and partitioning
at 400°C for 100 s: (a) bright-field image and (b) dark-field image using a (200) austenite reflection

[9].

THE MECHANICAL PROPERTIES OF Q&P STEELS

Preliminary studies of mechanical properties generated in steels by the Q&P treatment have indicated
differences from conventional heat treatments and the opportunity for potential improvements. For
example, Fig. 15 illustrates how the relationship of elongation versus ultimate tensile strength for steels
subjected to the Q&P process compares favorably with dual-phase, conventional TRIP and martensitic
steels [7]. It also shows how Q&P could fill a gap in this ductility/strength continuum: compared with
dual phase and conventional TRIP steels Q&P can offer increased strength, whilst compared with
martensitic steels, it can offer increased ductility.

More recently, instantaneous n values (strain hardening) for a 0.19%C-1.59%Mn-1.63%Si1 composition
subjected to a Q&P treatment after intercritical annealing at 820°C to produce 25% intercritical ferrite
have been calculated from the expression [46]:

_|Eépdo
= o de

where n; is an incremental work hardening parameter and ¢, is true plastic strain. Figure 16 compares
instantaneous n values versus true plastic strain for two treatments: one curve, exhibiting negative slope,
is for a sample quenched after intercritical annealing to produce 25% ferrite, showing behaviour typical
of dual-phase steel [47], whilst the second curve, showing positive slope, is for a Q&P heat-treated
sample. This sample was intercritically annealed to produce 25% intercritical ferrite, then quenched to
240°C and partitioned at 400°C for 30 s. A positive slope of instantaneous n versus plastic strain is
suggestive of TRIP behavior [47].
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Fig. 15 Total elongation versus ultimate tensile strength for TRIP, dual phase (DP), martensitic (M),
and Q&P sheet steel products [7].
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Fig. 16 Instantaneous n values versus plastic strain for a 0.19%C-1.59%Mn-1.63%Si steel
composition, after intercritical annealing (dual-phase), followed by water-quenching, or after a Q&P
heat-treatment. (Intercritical ferrite, a;c=25%, for both conditions.)
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SUMMARY

The thermodynamic background to the concept of a new heat treatment route, applicable to a range of
steels, is described. The treatment involves quenching partially to martensite, followed by an anneal to
allow carbon to partition from the martensite phase to the untransformed austenite, stabilising it against
decomposition upon cooling back to room temperature. The new process has been called quenching
and partitioning (Q&P) to distinguish it from quenching and tempering. The carbon is protected
against carbide formation by suitable alloying. The kinetics of partitioning are shown to be important,
not just to escape of the carbon from the martensite before carbide precipitation might occur, but
possibly also to the extent of the final fraction of stable austenite through the progressive effective
stabilisation across austenite regions before the final quench to room temperature. Emphasis is given to
the likely evolution of the microstructure during the Q&P treatment, although for the steels of interest
the first quench to produce the starting microstructure before the partitioning treatment is above room
temperature where it is not straightforward to examine the microstructure directly. Alternative reactions
to full partitioning are also given prominence, such as carbide precipitation and bainite formation.
Finally, some preliminary mechanical property measurements are compared with customary steel
conditions, particularly for formable steels, including dual-phase, TRIP and martensitic grades.
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