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Quenching and partitioning processing of transformable
ferritic stainless steels
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Austenite was stabilized at room temperature in a low-interstitial 16%Cr transformable ferritic stainless steel by quenching from
the intercritical annealing temperature to below the martensite start temperature of the intercritical austenite prior to the partition-
ing of interstitials C and N to the austenite at or above the quenching temperature. Partitioning temperatures as high as 500 �C were
associated with austenite enrichment, indicating the suitability of quenching and partitioning processing for stainless steels.
� 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Quenching and partitioning (Q&P) processing of
low-carbon steel is a relatively new approach to obtaining
a multiphase steel microstructure containing retained
austenite, and makes use of the TRIP (transformation-in-
duced plasticity) effect to achieve a high strength [1–3]. It
is based on quenching austenite to a temperature below
the martensite start temperature (Ms), commonly referred
to as QT, followed by an isothermal hold at a partitioning
temperature, PT, equal to or higher than the QT, to allow
for the diffusion of C atoms from the supersaturated mar-
tensite into austenite, thereby stabilizing it against mar-
tensitic transformation during subsequent cooling to
room temperature. The choice of the QT is of primary
importance in obtaining the maximum attainable
retained austenite fraction. Too high a QT leads to large
fractions of austenite with insufficient C enrichment and
stability after the partitioning step, and its subsequent
transformation upon cooling to room temperature. On
the other hand, when the QT is too low, the fraction of
remaining austenite will be too low, though it will show
enough stability against the martensitic transformation
during the final quenching step [4]. Appropriate alloying
elements must be utilized to ensure that the competing
carbide precipitation reactions, which can lead to C
depletion, are suppressed. In TRIP steels, elements with
limited solubilities in cementite, i.e. Si, Al and P, are
added to suppress the cementite formation [1–7]. Some
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of the prospects for the Q&P process in comparison with
the conventional austempering treatment of TRIP steels,
in which bainitic ferrite formation causes austenite
enrichment, were reviewed by Speer et al. [2].

The AISI 430-type stainless steel is a widely used
transformable ferritic grade composed of a ferritic ma-
trix and embedded M23C6 precipitates in the final sheet
form. C and N are usually considered detrimental in
most stainless steels as the former leads to sensitization
during certain thermal cycles while the latter brings
about static strain aging in the absence of strong ni-
tride-forming elements, such as Al and Ti. The present
paper reports on the applicability, by means of C and
N diffusion, of the Q&P process to a standard AISI
430-type stainless steel, to obtain a new type of high-
strength multiphase stainless steel.

The chemical composition of the AISI 430-type stain-
less steel used in the present study was Fe–16.1Cr–
0.4Mn–0.1Ni–0.3Si–0.04C–0.04N (wt.%). Thermo-Calc
with the TCFE6 database was used for the thermody-
namic equilibrium calculations. Dilatometry experiments
were performed in a Bahr 805 pushrod dilatometer either
in vacuum or in an argon atmosphere. Since dimensional
changes due to transformations are more noticeable in the
normal direction (ND) of hot-rolled products with a
banded microstructure [8], cylindrical dilatometry speci-
mens 4 mm in diameter and 10 mm long were machined
parallel to the ND of 30 mm thick hot-rolled plates. Dila-
tometry specimens were initially annealed for 5 min at
1000 �C to ensure full dissolution of M23C6 precipitates.
sevier Ltd. All rights reserved.
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Figure 1. Pseudo-binary Fe–C phase diagram and the austenite phase
fraction profile for the 16%Cr stainless steel used in the present study
superimposed on the schematic of the Q&P processing route. The C
content of the steel was 0.04 wt.%.
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To minimize decarburization, the intercritical annealing
time at 1000 �C was 5 s during which approximately
38% of austenite formed in the ferritic matrix. Estimation
of the austenite fraction of Q&P processed sheet-type
dilatometry specimens was done by magnetic saturation
measurements.

Specimens for transmission electron microscopy
(TEM), electron backscattering diffraction (EBSD) and
tensile measurements were obtained from 0.6 mm thick
cold-rolled sheets after the following heat treatment cycle.
Using a box-type furnace, sheets were intercritically an-
nealed at 1000 �C, quenched in an oil bath at 150 �C,
and reheated to 400 �C in a salt bath, before air cooling
to room temperature. Holding times in the box furnace,
oil bath and salt bath were 5, 30 and 30 min, respectively.
The microstructures were investigated in a JEOL JEM-
2100 transmission electron microscope operating at
200 kV. TEM foils were prepared by mechanical
polishing down to a thickness of 70 lm, followed by
twin-jet polishing at a temperature of �5 �C, using a jet-
polishing voltage of 30 V and a current of 70 mA. A solu-
tion of 10% perchloric acid in 90% ethanol was used as the
electrolyte. EBSD was used to estimate the austenite
fraction in the Q&P processed sheet. To avoid the trans-
formation of austenite due to mechanical polishing, a
jet-polished TEM foil was used for the EBSD measure-
ment. Mechanical properties were measured in a Zwick
tensile tester using ASTM E8 standard tensile specimens.
For comparison of mechanical properties with the Q&P
processed sheet, one specimen was directly water
quenched from 1000 �C after 5 min of holding to obtain
a dual-phase microstructure composed of ferrite and mar-
tensite, and another specimen was annealed for 5 h at
820 �C to obtain the conventional microstructure of AISI
430-type stainless steel consisting of a ferrite matrix with
embedded M23C6 precipitates.

The calculated pseudo-binary phase diagram of the
steel studied is shown in Figure 1. Austenite formation
in the ferritic matrix takes place in the temperature
range of 840–1240 �C. Whereas Thermo-Calc predicts
a peak austenite fraction of 48% at about 950 �C, the
image analysis results indicate that the austenite fraction
reaches a maximum of only 38% in the vicinity of
1000 �C [8]. The presence of substantial amounts of
Cr, which is very effective at suppressing the formation
of epitaxial ferrite during cooling from the intercritical
annealing temperature [9,10], ensures that the room
temperature martensite fraction is identical to the
high-temperature austenite fraction. Although both
M23C6 and Cr2N precipitates are predicted to form in
this steel, there is an indication of the absence of Cr2N
even after prolonged annealing treatments in its stability
range, which will be discussed later. Figure 1 also shows
schematically the microstructural evolution of the AISI
430 in the different steps of the Q&P processing.

Figure 2a shows the relative length change of a dila-
tometry specimen during direct and interrupted quench-
ing to room temperature. The interruptedly quenched
specimens were held at 160 �C for times of 1, 5 and
60 min prior to quenching to room temperature. As
soon as the temperature reaches 160 �C upon cooling,
the specimen expands instantly due to the presence of
a thermal gradient within the specimens. The tempera-
ture variations within the sample are estimated to be
approximately 8 �C. After this initial expansion, the
specimen size change remained close to zero, which im-
plies the absence of isothermal martensite formation. As
the specimen continued to cool after each isothermal
holding section at 160 �C, the martensitic transforma-
tion in the retained austenite was observed to occur at
temperatures lower than 160 �C. Increased holding time
at 160 �C resulted in a larger depression of the Ms tem-
perature of the remaining austenite. The increased sta-
bility of untransformed austenite at longer holding
times indicates the partitioning of C and N atoms from
the supersaturated martensite into the austenite. The ab-
sence of other competing precipitation reactions is due
to the very limited low-temperature diffusivity of Cr
which prevents the formation of carbides and nitrides
and makes stainless steels ideal candidates for the appli-
cation of the Q&P processing route. Whereas C is the
only interstitial element of interest to stabilize austenite
in TRIP steels, the presence of high Cr levels in stainless
steels increases the solubility limit of N [11,12] and al-
lows for the utilization of the austenite stabilizing effect
of N as well, without the use of any special nitriding
technique. As Cr is also known to retard effectively the
bainitic transformation [13], a constant austenite frac-
tion before and after the partitioning treatment in the
Q&P processed stainless steels is ensured.

The applicability of the Q&P concept to the AISI 430
stainless steel was further investigated by quenching an
intercritically annealed dilatometry specimen to 160 �C
prior to soaking for 1 min at various partitioning tem-
peratures in the range of 160–600 �C. The results of Fig-
ure 2b indicate that as the partitioning temperature was
increased in the range of 160–500 �C, the austenite sta-
bility also increased as evidenced by a lower transforma-
tion temperature for the remaining austenite and a
smaller expansion. At the highest partitioning tempera-
ture, i.e. 600 �C, however, Cr had enough mobility to



Figure 2. (a) Relative length change during direct and interrupted quenching of a dilatometry specimen from 1000 �C to room temperature at a
cooling rate of 10 �C s�1. Isothermal holding at 160 �C for 1, 5 and 60 min was used for the interrupted quenching. (b) Dilatometry traces of
specimens quenched from 1000 to 160 �C followed by soaking for 1 min at the partitioning temperature indicated on each curve. (c) Austenite
fraction in specimens quenched from 1000 �C to quenching temperatures in the range of 120–180 �C and partitioned at 450 �C for 5 min.
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form carbides and/or nitrides concurrent with the aus-
tenite enrichment. Therefore, the reduced stability of
austenite after partitioning at 600 �C can be attributed
to the partial stabilization of interstitials in the retained
austenite. Figure 2c shows the austenite fraction based
on magnetic saturation measurements on dilatometry
specimens Q&P processed at different quenching tem-
peratures. At quenching temperatures below 160 �C,
the austenite enrichment at the end of the partitioning
treatment is large enough to suppress its transformation
to martensite in the final cooling step. At quenching
temperatures higher than 160 �C, the insufficient stabil-
ity of the austenite after the partitioning step causes for-
mation of fresh martensite in the final cooling step.

TEM examination of the Q&P processed sheet
indicated the presence of a ferrite matrix, martensite
and retained austenite in the microstructure. Most of
the austenite grains formed during intercritical anneal-
ing were found to have partially or fully transformed
to internally twinned martensite. The TEM montage
of Figure 3a is an example of a twinned austenite grain
containing multiple stacking faults. EBSD analysis
(Fig. 3b) indicated the presence of about 6 vol.% of re-
tained austenite in the microstructure of the specimen
jet polished at �5 �C, where further transformation of
austenite may have caused an underestimated austenite
fraction. The untransformed austenite grains were found
to have a smaller grain size than the transformed grains.
The higher stability of fine-grained retained austenite is
well known and has been reported in TRIP steels [6,7].

Figure 4 compares the tensile test results for Q&P
processing, direct quenching, and after a conventional
prolonged anneal at below the equilibrium austenite
start temperature (Ae1). The numbers next to each curve
indicate the average work-hardening exponent in the
indicated engineering strain range. Compared to the
direct quenching, the Q&P process results in a superior
work-hardening exponent at low strains and a more
favorable combination of tensile strength and
elongation. This is related to the TRIP effect, the
strain-induced transformation of the retained austenite
to a0 martensite. The other difference in the stress–strain
curves of the sheets lies in their yielding mode: whereas
the conventionally processed specimen exhibits about
3% of yield elongation, there is no noticeable yielding
discontinuity in the intercritically annealed specimens
(direct quench and Q&P). Since C forms M23C6 in the
conventional sheet, the occurrence of static strain aging
in the conventionally processed sheet can be attributed
to the solute N. This is plausible because the addition
of Al, a strong nitride former, results in a continuous
yielding [14], indicating that Cr2N formation is unlikely
even though the equilibrium phase diagram of Figure 1
suggests its presence at below 850 �C. In the case of the
directly quenched and the Q&P processed sheets,
however, the partitioning of C and N to martensite



Figure 3. (a) TEM microstructure showing a twinned grain of
untransformed austenite containing wide stacking faults. The inset
shows the selected-area diffraction pattern taken parallel to the
common h1 1 0i zone axis of parent and twin. (b) EBSD map of a
jet-polished TEM specimen, highlighting boundaries with misorienta-
tions larger than 15� in black and the austenite phase in gray.

Figure 4. Engineering stress–strain curves for quenched, Q&P pro-
cessed and conventionally processed AISI 430. The numbers indicate
the work-hardening exponent in the highlighted strain range.
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and austenite, respectively, leaves the ferritic matrix free
of interstitials and eliminates the strain aging.

The retained austenite stabilized through Q&P
processing has far higher C and N contents than the
average steel composition. Assuming a zero solubility
for C and N in the ferrite and martensite, stabilizing
10 vol.% of austenite is associated with a 10-fold in-
crease of the C and N contents in the austenite. High
N levels in turn facilitate the formation of Cr2N which
is a common occurrence in high-nitrogen stainless steels
[15,16]. Therefore, Q&P processing can potentially also
be used as a pre-treatment to eliminate the static strain
aging in transformable ferritic stainless steels, if it is fol-
lowed by an anneal below the Ae1 temperature.

In summary, the applicability of the Q&P process to
stainless steels was demonstrated using a transformable
type of ferritic stainless steel. The presence of substantial
amounts of Cr in stainless steels guarantees that, without
any special alloying additions, enrichment of austenite
with respect to C and N takes place, without other com-
peting reactions, at temperatures as high as 500 �C. The
concept can be extended to martensitic stainless steels
where higher C levels will allow stabilization of even lar-
ger austenite fractions at room temperature. The presence
of retained austenite in turn eliminates the static strain
aging and its transformation upon deformation provides
an additional contribution to the work hardening.
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