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a b s t r a c t 

Medium-Mn Quenching & Partitioning (Q&P) steels have been recently considered as potential candidates for 
the 3rd generation advanced high-strength steels. The processing of these steels aims to induce the partitioning 
of substitutional alloying elements from martensite to austenite during an isothermal treatment at high tempera- 
ture, where the diffusivity of substitutional alloying elements is sufficiently high. In this way, austenite increases 
its concentration of austenite-stabilising elements and thus its thermal stability. The present study aims to in- 
vestigate the microstructural evolution during high temperature partitioning treatments in a medium-Mn steel 
and the possible occurrence of additional phase transformations that may compete with the process of atomic 
partitioning between martensite and austenite. Q&P routes in which the partitioning steps take place in the range 
of 400 °C–600 °C for times up to 3600 s were investigated. The final microstructures display an increased fraction 
of retained austenite with increasing holding times during partitioning at 400 °C, while at higher partitioning 
temperatures, 450 °C–600 °C, leads to cementite precipitation in austenite films and pearlite formation in blocky 
austenite, resulting in a decrease of the fraction of retained austenite with the holding time. This observation 
is supported with theoretical calculations of the volume change, suggesting that for maximising the fraction of 
retained austenite, short holding times are preferred during partitioning at high temperatures. Observations from 

the current study reveal that the successful application of high-temperature partitioning treatments in medium- 
Mn steels requires microstructure design strategies to minimize or suppress competitive reactions. 
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. Introduction 

The quenching and partitioning (Q&P) process, proposed by Speer
nd co-workers [1] , has been considered as one of the most promising
eat treatments for the production of third generation advanced high
trength steels (AHSSs) with exceptional combination of strength and
uctility. The typical Q&P process involves an initial austenitization
partial or full) followed by quenching to a temperature between the
artensite start temperature (M s ) and room temperature to create a

ontrolled fraction of primary martensite (M1). The steel is then re-
eated to a higher temperature to allow the carbon diffusion from the
upersaturated martensite into the austenite, which is referred to as par-
itioning stage. The carbon enrichment of the austenite leads to its sta-
ilization at room temperature. If part of the austenite is insufficiently
nriched with carbon, this may transform into fresh martensite (M2)
uring the final quench to room temperature [2–4] . 

Speer et al. [4] proposed the constrained carbon equilibrium (CCE)
odel to describe the thermodynamics of the carbon partitioning pro-
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ess. The CCE model is characterized by two assumptions: a) the carbon
artitioning from martensite to austenite is finalized when the chem-
cal potential of carbon in both phases is equal and b) the austen-
te/martensite interface is immobile during the partitioning step as the
umber of iron atoms in each phase are conserved. Typical partitioning
emperatures in the Q&P process (350 °C–450 °C) are relatively low and
he diffusivities of substitutional alloying elements during the partition-
ng step can be ignored at the time ranges that are normally considered.
herefore, most studies are concentrated on studying the stabilization
f austenite by carbon [2 , 5–8] . 

Recently, the idea of stabilizing the austenite through Q&P heat
reatments in which the partitioning stage takes place at temperatures
igh enough to stimulate the partitioning of substitutional alloying ele-
ents has been proposed by some authors [9–13] . This possibility stems

rom the observation of an apparent partitioning of substitutional alloy-
ng elements at relatively low temperatures. For example, Santofimia
t al. [9] reported the partitioning of manganese at typical partition-
ng conditions (400 °C for 50 s) at some martensite/austenite interfaces.
ero@tudelft.nl (C. Celada-Casero), J.Sietsma@tudelft.nl (J. Sietsma), 
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Fig. 1. Schematic drawing of the Quenching and Partitioning heat treatments. 
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p  

s  
ater, several authors [10–13] observed that the range of manganese
artitioning is increased with the increase in partitioning temperature
rom 400 °C to 450 °C. Some of the recent works [14,15] also aimed at in-
estigating austenite stability in the intercritical range of temperatures
y promoting austenite reverse transformation. However, manganese
ends to partition into austenite only a few nanometres (typically less
han 10 nm) after isothermal holding times of up to 1 h at these temper-
tures. Therefore, the partitioning ranges of manganese reported earlier
ay not be sufficient to stabilize the entire films of retained austenite,
hich typically have a thickness 5–20 nm. 

The diffusivity of manganese in austenite, at typical Q&P temper-
tures (400 °C–450 °C), is in the order of magnitude of 10 − 26 m 

2 /s
16] , which is very low compared to that of carbon, which is around
0 − 16 m 

2 /s [17] . In order to promote manganese partitioning from
artensite into austenite it is important to apply higher partitioning

emperatures. However, higher isothermal holding temperatures may
ncrease the probability of occurrence of competitive reactions like
ustenite decomposition into bainite or pearlite, or carbide formation
18] or austenite reverse transformation [14–15] . Most of the earlier
orks reported the occurrence of bainite formation [3] and carbide pre-

ipitation inside primary martensite [6 , 8] during isothermal holding at
ower partitioning temperatures (400 °C–450 °C). However, there are no
esearch works focused on the microstructural development that takes
lace during partitioning steps at higher temperatures (500 °C–600 °C)
elow the intercritical region. Hence, the current research aims to gain
nsight into the microstructural evolution and competitive reactions oc-
urring in a medium-Mn steel during partitioning at temperatures of
00 °C–600 °C and times ranging from 180 s to 3600 s. The results of this
tudy open up the possibility to new Q&P microstructural design strate-
ies in medium-Mn steels that minimize or suppress the occurrence of
ompetitive reactions during high-temperature partitioning treatments.

. Materials and experimental methods 

The chemical composition of the medium-Mn steel used in this study
s shown in Table 1 . The content of manganese is expected to contribute
o the stabilization of the austenite and to delay significantly the for-
ation of structures such as ferrite, bainite and Widmanstätten ferrite
uring cooling to the quenching temperature. Silicon is normally used
o delay any cementite precipitation during the partitioning step. 

The steel was produced in the form of a forged billet. Cylindrical
pecimens of 10 mm in length and 4 mm in diameter were machined
rom the forged billet. These specimens were heat treated in a Bähr 805
IL A/D dilatometer. A type S thermocouple spot-welded on the sur-

ace was used to monitor and control temperature. Low pressure on the
rder of 10 − 4 mbar was used during heating or isothermal segments,
nd helium was used as the coolant. The error in change in length from
ilatometry experiments was estimated as ± 0.01 %. 

The applied thermal routes are shown in Fig. 1 . These thermal routes
nclude a full austenitization at 950 °C during 120 s, quenching at 30 °C/s
o 190 °C and partitioning at temperatures ( T P ) ranging from 400 °C to
00 °C for partitioning times ( t P ) of up to 3600 s. In the following sec-
ions, conditions will be indicated as QP T P - t P for concise identification
f specimens. A heat treatment involving a direct quench from austeni-
ization conditions was also included in the investigations. 

After the application of the heat treatments, the specimens were cut
nto half and the surface was prepared by grinding with P800, P1000,
nd P1200 abrasive papers and polishing with 6, 3 and 1 μm diamond
aste. The polished specimens were etched with a 2 % Nital solution for
able 1 

hemical composition (wt. %) of the steel investigated. 

C Mn Si Mo Al Cr Fe 

0.31 4.58 1.52 < 0.005 0.01 0.02 Balance 

m
 

p  

a  

q  

b  

u  
he subsequent observation using scanning electron microscopy (SEM),
or which a JEOL JSM-6500F field emission gun scanning electron mi-
roscope (FEG-SEM), operating at 15 kV, was used. 

The volume fractions ( f RA ) and lattice parameter ( a 𝛾 ) of retained
ustenite were determined by means of X-ray diffraction (XRD) analy-
is using a Bruker type D8-Advance diffractometer, in a 2 𝜃 range from
0° to 130°, with Co K 𝛼 radiation (wavelength 0.1789 nm), using a step
ize of 0.042 0 2 𝜃, with a counting per step of 3 s. This 2 𝜃 range covers
he (110), (200), (211), (220) ferrite peaks and the (111), (200), (220),
311) austenite peaks. The volume fraction of retained austenite and the
rrors in determining the retained austenite fraction were calculated by
he direct comparison method of austenite and martensite peaks using
he procedure described by Jatczak [19] . In the present work, volume
ractions of retained austenite below 0.03 are neglected as this is the
etection limit of the X-ray diffraction measurements. The carbon con-
entration within the retained austenite is calculated from its lattice
arameter, a 𝛾 (in Å) using the method described in [20] : 

 𝛾 = 3 . 556 + 0 . 0453 ⋅ 𝑥 C + 0 . 00095 ⋅ 𝑥 Mn + 0 . 00157 ⋅ 𝑥 Si (1)

here x i , represents the concentration of the alloying element i in wt.
. 

Magnetization measurements were performed at room temperature
n cubic specimens of 2.0 mm in side length that were machined from
he centre of heat-treated dilatometry specimens. A 7307 vibrating sam-
le magnetometer, calibrated with a National Institute of Standards and
echnology nickel specimen, was used. With this equipment, magneti-
ation curves at room temperature were measured by a stepwise change
n the applied magnetic field from + 1.6 to − 1.6 T. The saturation mag-
etization values were obtained by fitting the approach to the satura-
ion of the experimentally obtained magnetization curve, according to
ef. [21] . The volume fraction of martensite ( f M 

) in the quenched spec-
men is determined by comparing the saturation magnetization values
btained both on the specimen with martensite to be measured and on
ure Fe-BCC specimens according to the method indicated in Ref. [21] .

. Results 

In this section, the microstructural evolution during the different ap-
lied Q&P heat treatments is evaluated based on the dilatometry mea-
urements, X-ray diffraction analysis, magnetisation measurements and
icrostructural observations. 

The volume fraction of martensite formed at the quenching tem-
erature was determined by analysing the dilatometry response of the
s-quenched specimen austenitized at 950 °C for 120 s and directly
uenched to room temperature, as Fig. 2 a shows. The linear expansion
ehaviour of the BCC and FCC lattices in the dilatometry curve were
sed to fit the thermal expansion of both phases. In order to extract
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Fig. 2. (a) Relative change in length versus temperature of an as-quenched (solid blue line) and QP400-3600 (dashed red line) specimens. f M is the volume fraction 
of martensite formed after an as-quench heat treatment; f M1 and f M2 are the volume fractions of primary and fresh martensite formed during QP400-3600 heat 
treatment, respectively (b) Volume fraction of martensite as a function of temperature obtained applying the lever rule to the as-quench dilatation curve. 
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nformation regarding the phase fractions formed during the quench,
he final change in length is associated with the formation of a volume
raction of martensite equal to 0.94 ± 0.01, as experimentally measured
sing the magnetometer. By applying the lever rule, the volume fraction
f martensite is determined as a function of the temperature during the
uenching treatment, as indicated by a solid blue line in Fig. 2 b. Ac-
ording to this data, the selected quenching temperature of 190 °C cor-
esponds with the formation of a volume fraction of primary martensite
M1) equal to 0.60 ± 0.01, leaving a volume fraction of untransformed
ustenite of 0.40 ± 0.01. These volume fractions of primary martensite
nd, consequently, austenite were chosen with the aim to stabilize a sig-
ificant volume fraction of austenite in the final microstructures, as the
teel has relatively high carbon content. 

Fig. 2 a also shows the dilatation curve of QP400-3600 (dashed line)
pecimens, as an example. This dilatometry curve of QP400-3600 spec-
men is used to explain the microstructural development during the
&P processing routes. Initially, a linear contraction is detected cor-

esponding to the cooling from the austenitization temperature. When
he temperature decreases below the M s and until the quench temper-
ture ( T Q ), a dilatation corresponding to the formation of 0.60 volume
raction of athermal martensite is observed. Then, the specimen is re-
eated to 400 °C, during which an expansion is observed, indicating no
hase transformations. The small positive change in length observed
uring the isothermal holding at 400 °C is caused by the formation of
arbides and/or pearlite and to the carbon partitioning from martensite
o austenite, and it will be discussed in detail in the following sections.
uring the partitioning step, part of the remaining austenite enriches

ufficiently in carbon to be thermally stabilized at room temperature. A
mall deviation from linearity of the dilatometric curves during the final
uench to room temperature indicates the formation of a small volume
raction of fresh martensite (M2) from the less stable austenite. The vol-
me fractions of fresh martensite ( f M2 ) were determined by comparing
he measured change in length with the change in length observed in
he direct-quenched specimen as explained in the ref. [22 , 23] . The re-
ained austenite volume fractions ( f RA ) in the final Q&P microstructures
ere measured using X-ray diffractometry as explained in the experi-
ental procedure. The remaining constituents in the final microstruc-

ures will be carbides and/or pearlite. The total volume fraction of these
onstituents, f c + p , was calculated by balance of the phase fractions: 

 𝑀1 − 𝑓 𝑀2 − 𝑓 𝑅𝐴 − 𝑓 𝑐+ 𝑝 = 1 (2)

The same method was applied to determine the volume fraction of
hases present all final Q&P microstructures. The results are displayed
n the left-hand side of Fig. 3 . Also, on the left-hand side of Fig. 3 ,
he dilatometry curves against time registered during the partitioning
teps for 3600 s are represented. In the following, this information will
e employed together with the microstructural observations in order to
nderstand the microstructural evolution taking place during the parti-
ioning step at the different studied temperatures. 

.1. Partitioning at 400 °C 

Fig. 3 a shows the change in length observed in the dilatometry spec-
mens during the isothermal holding at 400 °C for 3600 s. The dilatome-
ry curve shows two stages. The first stage is an expansion, which is ob-
erved during approximately the first 1800s. This expansion is related
o the process of carbon partitioning from the carbon-supersaturated
artensite (M1) into the austenite [24] . The second stage is a slight

ontraction, which is likely due to the precipitation of carbides in pri-
ary martensite, as previously observed by Toji et al. [13] . 

The final microstructures show an increase in the volume fraction
f retained austenite and a decrease in the volume fraction of fresh
artensite with increasing holding times. This evolution results from

he process of carbon partitioning from martensite to austenite, which
rogressively stabilizes the austenite during the partitioning step. 

Fig. 3 b shows the microstructure of the specimen after partitioning
t 400 °C for 3600 s. The primary martensite is characterised by the pres-
nce of carbides. The microstructure also show blocky islands of fresh
artensite/retained austenite (MA islands) with a thickness of few mi-

rometres. Nanometric retained austenite films are also observed in be-
ween the martensite laths. 

.2. Partitioning at 450 °C 

The dilatometry curve during the partitioning step at 450 °C for
600 s is shown in Fig. 3 c. A small expansion is observed within the first
0 s (zoomed- in the inset), which is related to carbon partitioning. After
0 s, a continuous decrease in length is observed, which may be related
ith a more pronounced precipitation process than that observed dur-

ng partitioning at 400 °C. Kannan et al. [25] and Onink et al. [26] ob-
erved that austenite films saturated with carbon tend to decompose
nto carbon-depleted austenite and cementite, and this phenomenon is
ccompanied by contraction. 

After partitioning at 450 °C, the final volume fractions of microstruc-
ural constituents indicate a simultaneous increase in the volume frac-
ion of fresh martensite and a decrease in the volume fraction of retained
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Fig. 3. For every partitioning temperature, the 
figures on the left show the change in length and 
the volume fraction of phases present at the end 
of the different Q&P heat treatments as a function 
of the partitioning time. Figures on the right side 
show microstructures of the specimens observed 
under the SEM after partitioning for 3600 s at 
partitioning temperatures of 400 °C–600 °C. 
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ustenite. After partitioning for 3600 s at 450 °C, the volume fraction
f retained austenite is essentially the same as that present in the as-
uenched state. 

Fig. 3 d shows a SEM micrograph of the specimen partitioned at
50 °C for 3600 s. In this case, the precipitation of carbides inside
rimary martensite is not very evident. Arrays of parallel carbides
ligned in the direction of the martensite laths can be clearly observed in
he primary martensite, as indicated in Fig. 3 d with dashed lines. These
rrays of carbides appear to occupy the locations where austenite films
ere observed at shorter partitioning times. 
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Fig. 4. The figures on the left and right show microstructures 
of the specimens observed under the SEM after partitioning at 
temperatures of 500 °C, 550 °C and 600 °C for 180 s and 900 s, 
respectively. Evolution of microstructural features with parti- 
tioning time and temperature are shown in this figure. 
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.3. Partitioning at 500 °C 

The dilatometry curve corresponding to partitioning at 500 °C shows
 decrease in change in length for the first 600 s ( Fig. 3 e). This con-
raction is of the same order of magnitude as the one observed during
artitioning at 450 °C ( Fig. 3 c) although in the present case it occurs in
 shorter time. This contraction is followed by a continuous dilatation
ntil the end of the partitioning stage. 

Fig. 3 e shows that, with the increase in holding time, the volume
raction of retained austenite decreases continuously until it is not de-
ected by X-ray diffraction after partitioning for 3600 s. This decrease
n the retained austenite volume fraction coincides with the increase in
he volume fraction of fresh martensite, carbides and pearlite. 

The microstructure of the specimen after partitioning at 500 °C for
600 s ( Fig. 3 f) shows the presence of pearlite in the microstructure. This
uggests that the increase of change in length observed in the dilatome-
ry curve is related to pearlite formation, which becomes the dominant
rocess after 900 s of isothermal holding, as can be seen from the SEM
icrographs, Fig. 4 a and 4 b. Precipitation of carbides is observed at the
hase boundaries of fresh martensite/retained austenite islands with the
urrounding primary martensite. 

.4. Partitioning at 550 °C 

The dilatometry curve during partitioning at 550 °C ( Fig. 3 g) shows
 very similar behaviour as the one at 500 °C. However, in the present
ase, the transition from contraction to expansion occurs at a shorter
olding time (200 s) and the magnitude of the contraction is smaller.
oreover, the final expansion observed in the dilatometry curve is
igher than in the case of partitioning at 500 °C. 

The evolution of phase fractions in the final microstructure presented
n Fig. 3 g shows that no retained austenite is detected by XRD after
00 s of partitioning, while the volume fraction of carbides and pearlite
ignificantly increases with increasing the holding time which is also
vident from the SEM micrographs, Fig. 4 c and 4 d. 

The SEM micrograph of the specimen partitioned at 550 °C for
600 s ( Fig. 3 h) shows a dense distribution of pearlite in the final
icrostructure , whereas the fresh martensite/retained austenite islands

MA islands ) are less evident in the present case than after partitioning
t 500 °C. 

.5. Partitioning at 600 °C 

The dilatometry curve registered during partitioning at 600 °C for
600 s, Fig. 3 i, is very similar to the one observed during partitioning
t 550 °C. However, the specimen partitioned at 600 °C experiences a
maller expansion than in the case of partitioning at 550 °C, indicating
he formation of a lower volume fraction of pearlite. 

The final volume fractions also show similar trends with the parti-
ioning time as the ones observed during partitioning at 550 °C. That is,
 low volume fraction of retained austenite that becomes undetectable
y XRD after partitioning for 900 s and a simultaneous increase of the
olume fraction of carbides and pearlite with partitioning time. 

Pearlite is also observed in the SEM micrograph of the specimen
artitioned at 600 °C for 3600 s ( Fig. 3 j). SEM micrographs, Fig. 4 b -
f, indicate that pearlite formation during partitioning stage is more
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ignificant at 550 °C than at 600 °C. Moreover, carbides in primary
artensite observed at 600 °C seem to be coarser than after partitioning

t 550 °C, Fig. 3 j. Besides pearlite, lamellar carbides are observed in the
resh martensite/retained austenite islands after partitioning at 600 °C. 

. Discussion 

The previous section has presented a qualitative description of the
icrostructural evolution taking place during the partitioning step at the
ifferent studied temperatures. In this section, a quantitative assessment
s performed in order to evaluate the extent to which microstructural
rocesses hinder or inhibit the partitioning of carbon and substitutional
lloying elements from the martensite into the austenite and, therefore,
romote an adequate stabilization of the austenite at room tempera-
ure. For this purpose, firstly, the redistribution of carbon among phases
nd due to phase transformations during the partitioning stage is anal-
sed based on the carbon balance at different partitioning temperatures.
hen, the sequence of microstructural mechanisms occurring at differ-
nt partitioning temperatures is validated through theoretical calcula-
ions of the length change. Finally, it is discussed how simultaneous
icrostructural phenomena during partitioning influence the stabilisa-

ion of the austenite at different temperatures and the most promising
outes are identify. 

.1. Carbon balance at different partitioning temperatures 

It is crucial to understand how carbon redistributes in the microstruc-
ure during the partitioning stage to understand the stabilisation process
f the austenite. Therefore, in this section, the carbon distribution is
uantified by the analysis of the carbon content of all microstructural
onstituents present in the microstructures after Q&P heat treatments in
hich the partitioning time lasted for 3600 s. This evaluation provides

nformation on the effectiveness of the carbon partitioning from marten-
ite to austenite in order to stabilize austenite at room temperature. 

The carbon content in the phases at the very beginning of partition-
ng stage ( t p = 0 s) can be represented by: 

̄ = 𝑓 𝛾
(
𝑡 𝑝 =0 

) ⋅ 𝑥 𝛾
(
𝑡 𝑝 =0 

) + 𝑓 𝑀1 
(
𝑡 𝑝 =0 

) ⋅ 𝑥 𝑀1 
(
𝑡 𝑝 =0 

) (3)

here �̄� is the total carbon content present in the alloy (0.31 wt. %),
 𝛾 and f M1 are the volume fractions of austenite and martensite present
t the beginning of the partitioning stage (0.40 and 0.60 respectively),
nd x 𝛾 and x M1 are the carbon concentrations present in austenite and
artensite at the beginning of the partitioning stage. Since the marten-

itic transformation is diffusionless and considering that there is no
hange in carbon concentration during the reheating stage, martensite
nd austenite are assumed to have the same carbon content (0.31 wt.
) at the onset of the partitioning stage. These initial conditions at the

eginning of the partitioning stage are considered equal for all studied
&P heat treatments. 

Section 3 has shown that, during the partitioning step, several
ompetitive phenomena occur at different stages of the isothermal
olding depending on the partitioning temperature. These phenomena
re carbide precipitation in martensite, pearlite formation, carbide pre-
ipitation in austenite and carbon enrichment of the austenite. All these
henomena compete for the carbon available in the microstructure.
herefore, after 3600 s of partitioning, the following carbon balance
an be applied: 

̄ = 𝑓 𝛾
(
𝑡 𝑝 =1 ℎ 

) ⋅ 𝑥 𝛾
𝑐 
(
𝑡 𝑝 =1 ℎ 

) + 𝑓 𝑀1 
(
𝑡 𝑝 =1 ℎ 

) ⋅ 𝑥 𝑀1 
𝑐 
(
𝑡 𝑝 =1 ℎ 

) + 𝑓 𝑝 
(
𝑡 𝑝 =1 ℎ 

) ⋅ 𝑥 𝑝 
𝑐 
(
𝑡 𝑝 =1 ℎ 

) + 𝑋 𝑐 

(4)

here �̄� is the total fraction of carbon present in the alloy (0.31 wt. %),
 i and 𝑥 𝑖 

𝑐 
represent the volume fraction and carbon content of phase i

 i = 𝛾, M1 and P) after 3600 s of isothermal holding and before the final
uench to room temperature and X c is the total fraction of carbon that
s precipitated in carbides. 
The volume fraction of austenite at the end of the partitioning step
nd before the final quench, f 𝛾 , can be calculated as the sum of volume
ractions of retained austenite and fresh martensite observed in the fi-
al microstructures. The corresponding carbon content ( 𝑥 γc ) is calculated
onsidering the carbon content in retained austenite ( 𝑥 RA c ) measured by
-ray diffractometer and the carbon content in fresh martensite ( 𝑥 M2 

c ).
his balance can be formulated as: 

 𝛾
(
𝑡 𝑝 =1 ℎ 

) ⋅ 𝑥 𝛾
𝑐 
(
𝑡 𝑝 =1 ℎ 

) = 𝑓 𝑅𝐴 ⋅ 𝑥 
𝑅𝐴 
𝐶 

+ 𝑓 𝑀2 ⋅ 𝑥 
𝑀2 
𝐶 

(5)

here f RA and f M2 are the volume fractions of retained austenite and
resh martensite, respectively. 

The carbon content in fresh martensite ( 𝑥 M2 
c ) is determined based on

he martensite start temperature during the final quench (experimental
urve) and applying the Rowland and Lyle equation [27] that relates
he martensite start temperature (in °C) with the chemical composition
f the alloy. In the present study the equation has been adapted to the
hemical composition of the steel as 

 𝑠 = 499 − 324 ⋅ 𝑥 M2 
c − 32 . 4 ⋅𝑥 Mn − 27 ⋅𝑥 Cr − 10 . 8 ⋅𝑥 Si − 10 . 8 ⋅ 𝑥 Mo (6) 

here x i represents the concentration of element i ( i = C , Mn, Cr, Si and
o) in the alloy in wt. %. 

The carbon content in solid solution in primary martensite, 𝑥 M1 
c , is

ssumed to be zero after 3600 s of partitioning time at all studied parti-
ioning temperatures due to the formation of carbides in the matrix and
he carbon partitioning to austenite. The carbon content in pearlite is
ssumed to be the eutectoid carbon content. 

Under these assumptions, the combination of Eqs. (4) –(6) provides
nformation regarding the carbon present in every microstructural con-
tituent and in carbides after 3600 s of partitioning at all studied tem-
eratures. The results and details of the numerical values used in the
alculations are presented in Table 2 and are explained by partitioning
emperature hereafter. 

.1.1. Partitioning at 400 °C 

During the isothermal holding at 400 °C for 3600 s, carbon partition-
ng from martensite to austenite and carbide precipitation in primary
artensite occur in the microstructure. Pearlite formation is not ob-

erved. With this information, the application of Eq. (4) reveals that
he fraction of carbon that precipitates in the form of carbides ( X C ) in
rimary martensite is around 0.01 wt% C. 

.1.2. Partitioning at 450 °C 

During partitioning at 450 °C, carbide precipitation in austenite films
akes place along with carbon partitioning from martensite to austenite
nd carbide precipitation in primary martensite. In this case, the balance
f carbon shows that the fraction of carbon that precipitates in carbides,
 C , is around 0.08 wt% C, which is higher than that observed in the
ase of partitioning at 400 °C and coincides with the microstructural
bservations. 

.1.3. Partitioning at 500 °C, 550 °C and 600 °C 

Partitioning at 500 °C, 550 °C and 600 °C promotes pearlite formation
long with carbon partitioning from martensite to austenite, carbide pre-
ipitation in primary martensite and carbide precipitation in austenite.
he carbon balance shows that the fraction of carbon that precipitates

n the form of carbides, X C , is around 0.11 wt. % in the case of partition-
ng at 500 °C and 550 °C, and of 0.12 wt% in the case of partitioning at
00 °C. 

The maximum volume fraction of pearlite is observed after partition-
ng at 550 °C ( Fig. 3 ). This coincides with the nose of the pearlite forma-
ion in the theoretically calculated Temperature-Time-Transformation
iagram, using the free program MUCG83 [28] . 
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Table 2 

Volume fraction and carbon content of phases present at the end of the partitioning step for different partitioning temperatures. These phases are carbon 
enriched austenite ( 𝛾), primary martensite (M1), pearlite (p) and carbides ( X c ). The Table also shows the volume fractions and carbon contents of fresh 
martensite (M2) and retained austenite (RA) used for the estimation of the volume fraction ( f 𝛾 ) and carbon content 𝑥 𝜸𝐜 of carbon enriched austenite ( 𝛾) 
present after 3600 s of partitioning time. 

( T P ∘C) C enriched austenite C depleted martensite Pearlite Carbides 

f 𝛾 𝑥 
γ
c (wt. %) f M1 𝑥 M1 

c (wt. %) f p 𝑥 
p 
c (wt. %) X c (wt. % C) 

M2 RA 

𝑥 𝑀2 
𝑐 

f M2 f RA 𝑥 RA c 

400 0.39 0.68 0.16 0.23 0.80 0.6 0 0 0 0.01 

450 0.39 0.58 0.32 0.07 0.60 0 0 0.08 

500 0.31 0.45 0.31 – – 0.08 0.73 0.11 

550 0.22 0.32 0.22 – – 0.17 0.73 0.11 

600 0.27 0.35 0.27 – – 0.12 0.73 0.12 
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.2. Length changes associated to the reactions during the partitioning stage

The focus of this section is on the evaluation and validation of the
nfluence of each microstructural mechanism on the overall change in
ength observed at the end of the partitioning process. This provides
nsight into the sequence of the microstructural processes occurring
t different partitioning temperatures. According to the mechanisms
roposed in the previous section based on the dilatometry results and
icrostructural observations and using the phase volume fractions and

arbon contents calculated in Table 2 , the theoretical change in length
ssociated to each microstructural process during the partitioning stage
re calculated and compared with the experimental values. 

The relation between the relative change in length recorded during a
ilatometry experiment and the actual change in volume that develops
n the material can be expressed as: 

Δ𝑳 

𝑳 𝒊 

= 

1 
3 
⋅
𝑽 𝒇 − 𝑽 𝒊 

𝑽 𝒊 
(7) 

here Δ𝐿 = 𝐿 𝑓 − 𝐿 𝑖 is the difference between the final ( L f ) and initial
 L i ) length of the material after and before (the partitioning stage. V 

f and
 

i are the total specific volumes of the material after and before the
artitioning stage, respectively. In the present analysis, the initial state,
 , represents the starting point of the partitioning step ( t p = 0 s) and the
nal stage, f , represents the end of the partitioning stage after 3600 s
 t p = 3600 s). 

The total specific volume, V , of the material at any stage of the
sothermal holding can be expressed as: 

 = 

∑

𝑗 

𝑣 𝑗 ⋅ 𝑓 𝑗 (8)

here v j and f j are the specific volume and volume fraction of every
icrostructural constituent, j . In this context, the phases present in the
icrostructure at the beginning of partitioning stage ( t p = 0 s) are pri-
ary martensite and untransformed austenite, whereas the microstruc-

ural constituents that are present at the end of the partitioning step
 t p = 3600 s) depend on the partitioning temperature (see Table 2 ). 

Eq. (7) can be rewritten including the specific volumes, as expressed
n Eq. (8) , of all possible individual phases at the beginning and at the
nd of the partitioning step as: 

Δ𝐿 

𝐿 𝑜 

= 

1 
3 
⋅
{( 𝜗 f γ ⋅ 𝑓 

f 
γ + 𝜗 f M1 ⋅ 𝑓 

f 
M1 + 𝜗 f p ⋅ 𝑓 

f 
p + 𝜗 f carbides ⋅ 𝑓 

f 
carbides ) − ( 𝜗 i γ ⋅ 𝑓 

i 
γ +

( 𝜗 i γ ⋅ 𝑓 i γ + 𝜗 i M1 ⋅ 𝑓 
i 
M1 ) 

here 𝜗 i γ, 𝜗 i M1 and 𝑓 i γ, 𝑓 i M1 are the specific volumes and volume
ractions of austenite and martensite before partitioning stage.
 

f 
γ, 𝜗 

f 
M1 , 𝜗 

f 
p , 𝜗 

f 
carbides and 𝑓 f γ , 𝑓 

f 
M 

, 𝑓 f p , 𝑓 
f 
carbides stands for the specific

olume and volume fraction of carbon enriched austenite, primary
artensite, pearlite and carbides at the end of partitioning stage,

espectively. In the above equation, volume fraction of austenite and
rimary martensite are quantified from experimental techniques. While,
 

⋅ 𝑓 i M1 )} 
(9) 

olume fraction of pearlite and carbides are estimated from carbon
alancing ( Eq. (4) ) as explained in Section 4.1 . 

The specific volumes of the crystal structures are calculated from
he corresponding lattice parameters and thermal expansion coefficients
ccording to the formulae presented in Table 3 . The lattice parameters
f a particular crystal structure at a given partitioning temperature, T,

an be calculated using the following equation: 

 𝑙𝑎𝑡𝑡𝑖𝑐𝑒, 𝑇 = 𝑎 𝑙𝑎𝑡𝑡𝑖𝑐𝑒, 𝑅𝑇 ⋅ ( 1 + 𝛽 ⋅ ( 𝑇 − 300 𝐾 ) ) (10) 

here 𝛽 is the thermal expansion coefficient, a lattice, T and a lattice, R T 
re the lattice parameters at the partitioning temperature and
oom temperature (300 K), respectively. Lattice parameters at room
emperaturea lattice, R T for austenite ( 𝛾), martensite ( 𝛼│) and cementite
 𝜃) are calculated as a function of chemical composition (in at.%) and
re shown in Table 3 . 

Depending on the phenomena observed at each partitioning temper-
ture, Eq. (9) is modified accordingly to calculate theoretical changes
n length. 

For the theoretical calculations of change in length, carbide precip-
tation in primary martensite is neglected at all partitioning temper-
tures, as the volume fraction of carbides formed at 400 °C is lower
han 0.01 and even lower at higher partitioning temperatures (450 °C
600 °C). 

During partitioning at high temperatures (450 °C–600 °C), precipita-
ion of carbides inside austenite is observed. Through EBSD phase maps,
annan et al. [25] , observed that the nature of carbide precipitated in-
ide austenite during isothermal holding at 500 °C is cementite (6.67 wt.
). By means of ThermoCalc calculations and Dictra simulations of the

arbon redistribution between martensite and austenite during parti-
ioning at 500 °C, it has been recently shown that the carbon content
f austenite-films in between martensite laths can reach values above
.50 wt. % C in less than 1 s [35] . This carbon content in austenite
s well above that at which the molar Gibb’s free energy of austenite
nd ferrite are equal at 500 °C (0.48 wt. % C). This means that, within
he range of temperatures of 450 °C–600 °C, the austenite might be suf-
ciently supersaturated in carbon so that cementite can form, caus-

ng carbon impoverishment in the surrounded austenite. Fig. 3 showed
hat, at 450 °C, this process causes a continuous contraction over 1 h of

artitioning time, whereas, at 500 °C, a similar contraction in magni-
ude occurs predominantly during the first 600 s. Therefore, under this
ssumption, calculations show that the volume fraction of cementite pre-
ipitated in austenite at all partitioning temperatures is around 0.01.
or the theoretical change in length calculations at partitioning temper-
tures of 500 °C – 600 °C, pearlite ( 𝛾→ 𝛼 + 𝜃) is also included as it was
lso observed during the partitioning stage. 
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Table 3 

Equations used to calculate the specific volume and lattice parameter of martensite ( 𝛼| ), austenite ( 𝛾) and cementite ( 𝜃). Carbon 
concentrations are in at.% and temperatures are in Kelvin. 

Specific Volume Lattice parameter ( ̊A) Ref. Linear thermal expansion 
coefficient ( 𝛽, K − 1 ) 

Ref. 

𝜸 𝑣 γ = 1 ∕ 4 ⋅ 𝑎 3 γ a 𝛾 = 3.556 + 0.0453· x c + 0.00095· x Mn [29] 1 . 244 ⋅ 10 −5 [30] 

𝛼| 𝑣 α′ = 1 ∕ 2 ⋅ 𝑐 α′ ⋅ 𝑎 α′
2 𝑎 α′ = 2 . 86640 . 0028 ⋅ 𝑥 𝑐 [29] 2 . 065 ⋅ 10 −5 [30] 

𝑐 α′ = 2 . 8664 + 0 . 0256 ⋅ 𝑥 𝑐 
𝜃 𝑣 θ = 1 ∕ 12 ⋅ 𝑎 θ ⋅ 𝑏 θ ⋅ 𝑐 θ 𝑎 θ = 5 . 0895 , = 6 . 7449 , = 4 . 5250 [31] 5 . 586 ⋅ 10 −6 [31] 

Table 4 

Experimental and calculated changes in length at the different partitioning temperatures ( T p ) after 3600 s of partitioning time ( t p ) in 
relation with the dominant phenomena occurring during the partitioning stage. 

T p , °C Major phenomena Experimental change in 
length (% ± 0.01%) 

Theoretical change in length 
(%) at t p = 3600 s 

400 C-partitioning 0.029 0.032 

450 C-partitioning; − 0.023 − 0.020 

Carbide precipitation in 𝛾

500 C-partitioning; − 0.008 − 0.017 

Carbide precipitation in 𝛾; 

Pearlite formation 

550 C-partitioning; 0.015 0.010 

Carbide precipitation in 𝛾; 

Pearlite formation 

600 C-partitioning; − 0.001 − 0.002 

Carbide precipitation in 𝛾; 

Pearlite formation 
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Table 4 summarizes the major phenomena occurring at each parti-
ioning temperature as well as the experimental and theoretical changes
n length at the end of the partitioning step ( t p = 3600 s). The theoreti-
al changes in length are calculated using equations 7 - 10 depending on
he phases present at the respective partitioning temperature and using
he data from Table 2 . There exists a good agreement between the ex-
erimental and theoretical change in lengths, which indicates that the
bove-mentioned considerations, i.e. cementite as the carbide that pre-
ipitates inside primary martensite and from austenite, and complete
arbon-depletion in primary martensite, are valid. 

.3. Analysis of simultaneous phenomena during high-temperature 

artitioning stages 

It is well known that Q&P heat treatments aim to produce steels with
ood combinations of ductility and strength, which is achieved mainly
rom retained austenite and primary martensite, respectively [32–34] .
n order to stabilize a significant fraction of retained austenite in the
nal microstructure it is important to avoid other reactions during the
artitioning stage that might compete for the available carbon. 

The microstructural evolution observed during partitioning at 400 °C
onfirms that the major phenomena occurring is the carbon partitioning
rom martensite to austenite, responsible for the retention of a volume
raction of austenite between 0.19 and 0.24 at room temperature af-
er partitioning for 180 s and 3600 s, respectively. On the contrary, at
50 °C, an increase in partitioning time leads to a reduction in the vol-
me fraction of retained austenite, while the fraction of fresh marten-
ite, consequently, increases. This might be attributed to the precipita-
ion of carbides in austenite during the partitioning stage, which reduces
he total fraction of carbon available to stabilize the austenite at room
emperature [35] . Considering the partitioning temperature of 500 °C,
he maximum volume fraction of retained austenite is observed after
artitioning for 180 s and the formation of pearlite is observed after
00 s. Whereas, at higher partitioning temperatures, 550 °C and 600 °C,
earlite is observed after 180 s of isothermal treatment and the volume
raction of retained austenite is lower than 0.05. The further increase
n the isothermal holding time does not rise the volume fraction of re-
ained austenite; however, the pearlite volume fraction is observed to
ncrease. It is evident that the microstructures show a tendency to form
earlite at high partitioning temperatures (500 °C - 600 °C). The forma-
ion of pearlite from the austenite grains during partitioning consumes
art of the volume fraction of austenite and part of the carbon available
or austenite stabilisation. Thus, the retained austenite fraction in the
nal Q&P microstructure is reduced. 

As discussed earlier, the dilatometry analysis at the partitioning tem-
eratures of 500 °C to 600 °C indicate that carbide precipitation inside
ustenite and pearlite formation occur simultaneously. The change in
lopes of dilatometry curves during isothermal holding indicate a tran-
ition from a dominant process of carbide precipitation inside austenite
causing contraction) to a dominant process of pearlite formation (caus-
ng expansion). Fig. 5 a,b and c show the dilatometry curve (red line),
xtrapolation of contraction (blue line) and expansion (green line) be-
aviour of the actual dilatometry curve at 500 °C, 550 °C and 600 °C
espectively. By relating the final volume fraction of pearlite and the
xtrapolation of the dilatometry curve corresponding to pearlite for-
ation ( Fig. 5 ), the evolution of the volume fraction of pearlite with

sothermal holding time at partitioning temperatures of 500 °C, 550 °C
nd 600 °C is calculated and shown in Fig. 6 a. From Figs. 5 and 6 a,
he transition in the pre-dominant behaviour of carbide precipitation
n austenite to pearlite formation during the partitioning stage is iden-
ified to be when the volume fraction of pearlite is in the range of
.01 – 0.03. 

For the investigated steel, the precipitation of carbides inside austen-
te seems to be unavoidable, as it occurs at the very early stage of the
artitioning and as a result of the rapid carbon enrichment in austenite
rompted at high partitioning temperatures. However, pearlite forma-
ion can be minimized to 0.01 volume fraction by restricting the isother-
al holding to short times. Using information from Fig. 6 a, the TTT
iagram shown in Fig. 6 b is constructed, where the partitioning times
orresponding to pearlite volume fractions of 0.01 and 0.05 are indi-
ated. It can be seen from Fig. 6 b that, similar to what is predicted from
he theoretical calculations using the MUCG83 program, the kinetics of
earlite formation is faster at partitioning temperatures around 550 °C
close to the nose of pearlite formation) than above or below. 
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Fig. 5. Representation of change in length (red line) during isothermal holding at (a) 500 °C, (b) 550 °C and (c) 600 °C for 3600 s. The blue and green lines represent 
a polynomial fit for the observed contraction and expansion in the dilatometry curve, respectively. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.) 

Fig. 6. (a) Volume fraction of pearlite formed during the isothermal holding at partitioning temperatures of 500 °C, 550 °C and 600 °C. (b) TTT diagram showing 
partitioning times corresponding to 0.01 and 0.05 volume fraction of pearlite formation during partitioning at 500 °C, 550 °C and 600 °C. 
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The morphology and location of the austenite after the initial quench
eems to play a role in the degree of carbon enrichment during the
artitioning step and, thus, in the precipitation of carbides or forma-
ion of pearlite within austenite. Based on the SEM observations, it is
oughly estimated that around a 0.20 of the total volume fraction of
he film-type of austenite is occupied with cementite. Assuming that
he austenite surrounding the cementite particles is retained at room
emperature and, hence, it has at least the minimum carbon content re-
uired for austenite stabilisation at room temperature (0.68 wt. % C as
easured by XRD), carbon balance calculations yield that a carbon con-

ent of about 1.88 wt. % C is required so that a 0.20 volume fraction
f cementite forms within a film of austenite. This carbon content is
n good agreement with the results of carbon-redistribution simulations
erformed by Dictra at 500 °C by Hidalgo et al. [35] . 

In the case of pearlite, it is observed to nucleate along the prior
ustenite grain boundaries, where the diffusion of carbon is enhanced
ompared to that in bulk and, thus, a rapid carbon enrichment of the
ustenite can be expected at these locations. Yang et al. [18] reported
hat large austenite grains are highly favourable regions to form pearlite.
idalgo et al. [35] showed by Dictra simulations that, at a partition-

ng temperature of 500 °C, austenite blocks of 0.3-0.5 μm in thickness
an reach homogeneous carbon concentrations close to the eutectoid
omposition (0.80 wt% C) after 50 s of isothermal holding. This makes
hermodynamically and kinetically possible the transformation of such
ustenite into pearlite. At higher partitioning temperatures (550 °C and
00 °C), carbon diffuses even faster and tends to homogenize across the
ustenite grain in a shorter time, which would allow an earlier pearlite
ormation. Due to pearlite formation, the volume fraction of austenite
vailable for stabilization through manganese partitioning is consumed.

In the case of partitioning at 500 °C–600 °C, manganese might have
artitioned from martensite into austenite at the interfaces where no
earlite formation or carbide precipitation in austenite were observed.
owever, the austenite is not stabilized at room temperature ( Table 2 ).
his is because of insufficient carbon enrichment in the austenite during
he partitioning stage due to pearlite formation or carbides precipitation
n austenite. This indicates that, in the present case, though manganese
s partitioned, it did not play a role in the austenite stabilization. 

Based on the aforementioned analysis, the austenite stabilisation pro-
ess might be enhanced during high-temperature partitioning provided
he minimisation/suppression of competitive reactions. The formation
f pearlite is pointed as the main process competing for the carbon avail-
ble in the microstructure during the partitioning stage due to the large
arbon contents and volume fractions of austenite that it consumes. To
ncrease the fraction of retained austenite after the final quench, it is
ecommended to select relatively low quenching temperatures to create
icrostructures with a low volume fraction of untransformed austenite

nd small grain size which can 1) stabilize a high volume fraction of
ustenite during the final quench due to sufficient carbon enrichment
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36] , 2) avoid pearlite formation when isothermal holding is restricted
o short times. Carbide precipitation inside austenite is occurring in the
nitial stage of partitioning and seems to be unavoidable. However, an
lloy with low carbon content (lower than that in the current work)
ight aid in delaying or suppressing carbide precipitation inside austen-

te by avoiding carbon supersaturation in austenite films. 

. Conclusions 

The present study investigates the evolution of the microstructure
uring Quenching & Partitioning processing in a medium manganese
teel at partitioning temperatures between 400 °C–600 °C and partition-
ng times up to 3600 s. The main conclusions extracted are: 

• Partitioning at 400 °C leads to austenite stabilization through carbon
partitioning, while partitioning at 450 °C leads to carbide precipita-
tion inside austenite grains. At even higher partitioning temperatures
(500 °C–600 °C) carbon partitioning also stimulates pearlite forma-
tion. 

• Carbon balancing at partitioning temperatures of 400 °C–600 °C
shows that almost no carbon is available in the primary martensite
by the end of 3600 s of isothermal holding. 

• High-partitioning temperatures (above 450 °C) result in a more rapid
carbon partitioning kinetics than the usual 400 °C and provide suf-
ficient driving force for the occurrence of additional reactions other
than carbon partitioning. This results in carbide precipitation in
austenite films and pearlite formation in austenite blocks depend-
ing on the morphology of the grain and partitioning conditions. 

• Competitive phenomena, like carbide precipitation in austenite and
pearlite formation, influence negatively the stabilisation of austen-
ite, as they consume significant fractions of austenite and the carbon
available for partitioning during the partitioning stage. 

• For the current medium Mn steel, carbide precipitation in austenite
and pearlite formation occur simultaneously during the partition-
ing stage. It is deduced that carbide precipitation in austenite and
pearlite formation are dominant in the early and later stages of the
partitioning stage, respectively. 

The results of the current study provide better understanding of
he microstructural changes that occur during Quenching and high-
emperature partitioning processing (450 °C–600 °C) in medium Mn Q&P
teels. It is understood that the suppression of the competitive reactions
t high partitioning temperatures will help in optimizing the austenite
tabilizing effect of carbon and manganese. 
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