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Abstract: In this work, four low carbon steels with different contents of Mn and Ni were heat
treated by quenching and partitioning (Q&P) cycles where high partitioning temperatures, in the
range of 550 ◦ C–650 ◦ C, were applied. In order to elucidate the effect of applying these high
partitioning temperatures with respect to more common Q&P cycles, the materials were also heat
treated considering a partitioning temperature of 400 ◦ C. The microstructure evolution during the
Q&P cycles was studied by means of dilatometry tests. The microstructural characterization of
the treated materials revealed that austenite retention strongly depended on the alloy content and
partitioning conditions. It was shown that the occurrence of austenite reverse transformation (ART) in
the partitioning stage in some of the alloys and conditions was a very effective mechanism to increase
the austenite content in the final microstructure. However, the enhancement of tensile properties
achieved by the application of high partitioning temperature cycles was not significant.
Keywords: quenching and partitioning; austenite reverse transformation; Mn and Ni influence;
austenite stabilization

1. Introduction
Quenching and partitioning (Q&P) steels have been demonstrated to provide outstanding
mechanical properties due to the novel microstructure formed mainly by martensite and retained
austenite [1–4]. These properties make Q&P steels very attractive for the automotive sector. In the
Q&P process, the steel is first quenched to a predetermined temperature (quench temperature, QT) in
the Ms –Mf (i.e., martensite start and finish temperatures) temperature range to produce a partially
martensitic and partially austenitic microstructure. Second, in the so-called partitioning step, carbon is
partitioned from carbon enriched martensite into austenite due to the difference in carbon chemical
potential. Thus, carbon stabilized austenite is retained in the microstructure after a final quenching to
room temperature [5]. Depending on the alloy composition and Q&P conditions, competitive reactions
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can also occur in the partitioning stage such as austenite decomposition into bainite [6] and carbide
formation inside primary martensite [7], which reduces the fraction of austenite in the microstructure
and the carbon available for partitioning, respectively.
The high retained austenite fractions present in Q&P steels are believed to result in an improved
strength and ductility balance [1,8]. Consequently, most research studies are focused on increasing the
final fraction of retained austenite (RA), mainly by optimizing the process conditions and chemical
composition of the alloys. Since carbon is an interstitial alloying element, partitioning temperatures
equal and lower than 450 ◦ C have been shown to be sufficient for an effective carbon partitioning
at relatively short times of typically less than a few minutes. However, the application of high
partitioning temperatures has the potential to lead to microstructures with even higher fractions of
retained austenite. This assessment is based on two different mechanisms.
(a)

(b)

First, diffusion of substitutional alloying elements such as Mn and Ni is expected to increase
in the higher temperature range and can further stabilize austenite in a Q&P route. This idea
is supported by the work of some authors [9,10], who have shown via atom probe tomography
(APT) that in the Q&P route, apart from carbon, the partitioning of other alloying elements such
as Mn occurs in some of the martensite/austenite interfaces at 400 ◦ C. Seo et al. [11] provided
direct atomic-scale evidence for the partitioning of both interstitial carbon and substitutional
Mn and Si during the Q&P processing of medium Mn steel with a partitioning temperature of
450 ◦ C. However, Ayenampudi et al. [12] also applied high partitioning temperatures (PT) in the
400 ◦ C–600 ◦ C range to a medium Mn steel, and observed that high partitioning temperatures
promoted cementite precipitation in austenite films and pearlite formation in blocky austenite,
resulting in a decrease in the fraction of retained austenite with holding time. They concluded that
the successful application of high temperature partitioning treatments requires microstructure
design strategies to minimize or suppress competitive reactions.
Second, high partitioning temperatures may lead to austenite reverse transformation (ART),
which can also be explored as a mechanism to increase the final content of retained austenite.
ART taking place in the intercritical annealing of medium Mn steels has been proven to provide a
high amount of austenite in the final microstructure [13–15]. The key process is to heat the steel
with an original martensitic microstructure to the intercritical region where part of the martensite
is reverted to austenite. During annealing, diffusion of both carbon and manganese occurs, which
determines both the phase fraction and stability of the retained austenite. The occurrence of
ART in Q&P heat treatments was previously analyzed by Ding et al. [16], who reported the
formation of new austenite by reheating the initial primary martensite + pre-existing austenite
microstructure to the intercritical region in a Fe-0.2C-8Mn-2Al steel alloy. The austenite formed
during the partitioning stage was enriched with Mn and hence, during the final quench, reverted
austenite was more stable than pre-existing austenite.

In the present work, Q&P thermal cycles with high partitioning temperatures were investigated.
In the proposed high PT process, the first quenching step was similar to conventional treatments.
However, the partitioning stage was done at temperatures higher than those in the conventional in
the 550 ◦ C to 650 ◦ C range, and the results were compared with those obtained after partitioning at
400 ◦ C. The occurrence of ART during the partitioning was investigated. Additionally, the influence
of different Mn and Ni contents in this new route that comprises ART in Q&P heat treatments was
explored. The present work contributes to the understanding of the effectiveness of high partitioning
temperature Q&P cycles in retaining a high amount of austenite in the final microstructure as well as
studying the resulting mechanical properties and analyzing the effect of Mn and Ni contents, which
have not been addressed in previous studies.
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2. Materials and Methods
Ingots of four steel grades with different contents of Mn and Ni were produced in the laboratory
using a vacuum induction melting furnace. The chemical composition of the four steel grades is shown
in Table 1 and referred to as 2Mn, 4Mn, 6Mn, and 6Mn2Ni. The ingots were reheated to ~1250 ◦ C and a
roughing stage was performed to decrease the thickness from 60 mm to 30 mm. The obtained slabs
were then cut into five small ingots that were reheated to ~1250 ◦ C and hot rolled. The hot rolling
consisted of five hot rolling passes (Tend of rolling approximately above 900 ◦ C) and coiling at 500 ◦ C.
◦
The softening
consisted
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0.0composition1.5
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0.19
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0.0
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Steel
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Phase transformation temperatures Ac1, Ac3, and Ms, which are critical cooling rates needed to
avoid diffusion-based phase transformations (CCR) and QT25 temperatures, were obtained by means
of a LINSEIS L78 RITA dilatometer using cylindrical samples with a 3 mm diameter and 10 mm
length. Resulting values are reported in Table 2. First, Ac1 and Ac3 temperatures were determined by
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Phase transformation temperatures Ac1 , Ac3 , and Ms , which are critical cooling rates needed to
avoid diffusion-based phase transformations (CCR) and QT25 temperatures, were obtained by means
of a LINSEIS L78 RITA dilatometer using cylindrical samples with a 3 mm diameter and 10 mm length.
Resulting values are reported in Table 2. First, Ac1 and Ac3 temperatures were determined by heating
the samples at 5 ◦ C/s up to 1000 ◦ C. Then, Ms , CCR, and QT25 were determined by considering an
austenization temperature equal to Ac3 + 50 ◦ C and a holding of 120 s. Critical cooling rates were
measured by analyzing the different cooling rates for each alloy. In order to determine Ms and QT25
temperatures, samples were cooled down to room temperature by employing a cooling rate above
CCR, specifically at 100 ◦ C/s for alloy 2Mn and at 20 ◦ C/s in the others, and then were reheated up to
500 ◦ C at 5 ◦ C/s. From the resulting dilatometry curves, applying the lever rule between the expansion
of the untransformed austenite curve and that from the reheating, martensite transformation curves
were calculated. Thus, quenching temperatures that corresponded to 0.25 of untransformed austenite
were determined.
Table 2. Experimental phase transformation temperatures, critical cooling rate (CCR) to avoid
diffusion-based phase transformations, quenching temperature where 0.25 austenite exists (QT25),
and temperature for the start of austenite reverse transformation (ART Tstart ) in the studied steels
considering an austenization temperature of Ac3 + 50 ◦ C.
Steel

Ac1 (◦ C)

Ac3 (◦ C)

Ms (◦ C)

CCR (◦ C/s)

QT25 (◦ C)

ART Tstart (◦ C)

2Mn

760

870

365

60

300

708

4Mn

730

830

310

0.5–2

240

680

6Mn

695

790

240

<0.1

145

660

6Mn2Ni

690

790

220

<0.1

120

640

The Q&P cycles shown in Figure 1 were also applied in the dilatometer in order to analyze the
microstructure evolution in the different alloys during the respective heat treatments. Additionally, the
start of austenite reverse transformation in the heating from QT was determined by dilatometry tests.
For this, samples were heated at Ac3 + 50 ◦ C, held for 120 s, cooled down as previously described
until QT25, and afterward, the samples were re-heated up to Ac3 + 50 ◦ C at 10 ◦ C/s. The temperature
at which the austenite reverse transformation started was determined from the volume contraction
observed in the dilatometry curve and is shown in Table 2.
The fractions of the retained austenite in the Q&P processed Gleeble samples were obtained
by x-ray diffraction (XRD). Steel samples of 10 × 10 mm2 were mechanically ground to a quarter
thickness and polished down to 1 µm to obtain a mirror surface. Then, the surface was additionally
electropolished to take out the mechanical effects of preparation. X-ray diffraction measurements
were done using a BRUKER D8 Discover diffractometer with a cobalt tube (Co Kα radiation with
λ = 1.8 Å) under 35 kV and 40 mA. Scans were acquired in the θ–2θ configuration. In order to avoid
the influence of texture, samples were continuously rotated during measurement with the following
angle variations: ψ from 0◦ to 60◦ with a step of 5◦ and ϕ from 0◦ to 360◦ . The spectra were analyzed
using the commercial TOPAS software and applying the Rietveld refinement method. RA fractions
were evaluated using the (200), (211), and (220) peak spectra.
The microstructures of the selected Q&P treated Gleeble samples were observed with a Schottky
field emission gun scanning electron microscope (FEGSEM) (JEOL JSM-7000F) after conventional
metallography preparation, polishing up to 1 µm, and etching with Nital 2%. Electron backscatter
diffraction (EBSD) scans were performed on selected samples and prepared using similar metallographic
techniques, followed by a final polishing with OP-U (colloidal silica) for 15 minutes. The acquisition of
EBSD scans was done using a step size of 30 nm.
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Additionally, EBSD phase maps were obtained in the 6Mn2Ni alloy partition-treated at 650 ◦ C
and 400 ◦ C. EBSD images are shown in Figure 5, where the red phase was identified as RA, green was
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microstructure of this alloy was observed in the SEM. The microstructure of alloy 2Mn was also
observed for comparison, since, in the same condition, it presented a very low RA fraction. The SEM
micrographs are presented in Figure 4. In alloy 2Mn, the microstructure mainly consisted of tempered
martensite containing carbides (Figure 4a). Carbides presented a coarse size and the start of pearlite
formation
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grains clearly indicated austenite reverse transformation during the partitioning stage. In the low PT
condition (Figure 5b), the volume fraction of RA determined by EBSD was 0.08, which was lower
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Additionally, EBSD phase maps were obtained in the 6Mn2Ni alloy partition-treated at 650 °C
and 400 °C. EBSD images are shown in Figure 5, where the red phase was identified as RA, green
was martensite, and black indicates unidentified regions. As can be seen in Figure 5a, EBSD maps
also revealed a high volume fraction of retained austenite in the PT650 condition. Specifically, the
volume fraction of retained austenite determined by EBSD was 0.45, which was in very good
agreement with the value measured by XRD. The fraction and distribution of the retained austenite
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austenite was experimentally measured by means of XRD measurements. Finally, the products
experimentally measured by means of XRD measurements. Finally, the products formed by austenite
formed by austenite decomposition in the partitioning stage were encompassed in the expression of
decomposition in the partitioning stage were encompassed in the expression of “other phases”, which
“other phases”, which was calculated by phase fraction balance. In the conditions that ART occurred
was calculated by phase fraction balance. In the conditions that ART occurred in the partitioning
in the partitioning stage, RA and secondary martensite were obtained as described earlier, whereas
stage, RA and secondary martensite were obtained as described earlier, whereas primary martensite
primary martensite was calculated by balance. In this case, the reverted austenite fraction formed in
was calculated by balance. In this case, the reverted austenite fraction formed in the partitioning
the partitioning stage corresponded to the sum of retained austenite measured by XRD, plus the
stage corresponded to the sum of retained austenite measured by XRD, plus the secondary martensite
secondary martensite fraction, deducting the preliminary austenite fraction.
fraction, deducting the preliminary austenite fraction.
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As can be seen in Figure 6, the volume fraction of austenite decomposition products was quite
As can be seen in Figure 6, the volume fraction of austenite decomposition products was quite
significant in many of the alloys and conditions. In order to aid in the analysis of the products formed
significant in many of the alloys and conditions. In order to aid in the analysis of the products formed
in the partitioning stage, time-temperature-transformation (TTT) diagrams were obtained for each alloy
in the partitioning stage, time-temperature-transformation (TTT) diagrams were obtained for each
using JMatPro-v9.1 software. Figure 7 presents the TTT diagrams calculated for an initial austenite
alloy using JMatPro-v9.1 software. Figure 7 presents the TTT diagrams calculated for an initial
grain size of 5 µm. Although not fully representative of the conditions existing at PT, these diagrams
austenite grain size of 5 µm. Although not fully representative of the conditions existing at PT, these
contributed to the understanding of the phenomenon occurring in the partitioning step. TTT diagrams
diagrams contributed to the understanding of the phenomenon occurring in the partitioning step.
showed that Mn addition shifted phase transformation curves to a lower temperature range and longer
TTT diagrams showed that Mn addition shifted phase transformation curves to a lower temperature
times. The addition of Ni mainly resulted in longer phase transformation times. The comparison
range and longer times. The addition of Ni mainly resulted in longer phase transformation times. The
between the TTT diagrams and experimental results is detailed in Section 3.2.2.
comparison between the TTT diagrams and experimental results is detailed in Section 3.2.2.
3.2.2. Effect of Mn and Ni Alloying Elements on Microstructure Evolution
As mentioned earlier, the microstructure evolution during the Q&P cycle was discussed based
on the dilatometry curves and volume fraction of phases determined in the final microstructure.
Dilatometry curves obtained in the simulation of the different Q&P cycles are presented in Figure 8 for
the four alloys. Dilatometry curves start at QT and represent the heating to PT, partitioning stage, and
final cooling. The results obtained at the conventional partitioning condition of 400 ◦ C and 300 s are
discussed first for a later comparison with the behavior observed when the partitioning temperature
was raised to the range of 550 ◦ C to 650 ◦ C.
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Dilatometry curves corresponding to the 400 ◦ C partitioning temperature cycles are presented
As mentioned earlier, the microstructure evolution during the Q&P cycle was discussed based
in Figure 8a for the four alloys. Continuous expansion was observed in the partitioning stage in the
on the dilatometry curves and volume fraction of phases determined in the final microstructure.
four alloys, as indicated in the figure by means of ascending discontinuous arrows. The measured
Dilatometry curves obtained in the simulation of the different Q&P cycles are presented in Figure 8
expansion decreased as the alloying content increased. Considering the expansion as ∆L/L0 × 100,
for the four alloys. Dilatometry curves start at QT and represent the heating to PT, partitioning stage,
where ∆L is the change in length of the specimen during the partitioning and L0 is the initial length,
and final cooling. The results obtained at the conventional partitioning condition of 400 °C and 300 s
0.100%, 0.028%, 0.018%, and 0.017% values were obtained for the 2Mn, 4Mn, 6Mn, and 6Mn2Ni
are discussed first for a later comparison with the behavior observed when the partitioning
alloys, respectively. Santofimia et al. reported that volume expansion during the partitioning stage
temperature was raised to the range of 550 °C to 650 °C.
could be related with the decomposition of austenite to ferrite, bainite, or isothermal martensite
transformation [6]. Carbon partitioning from supersaturated martensite to austenite can also cause
volume expansion [12,17]. However, comparatively, austenite decomposition to bainite gives rise to a
more pronounced expansion [6].
In the case of the lower alloyed 2Mn steel, the volume expansion was more evident and was likely
to be related to austenite decomposition. However, in the 4Mn, 6Mn, and 6Mn2Ni alloys, it was not
clear whether the observed volume expansion was only due to carbon partitioning or if austenite
decomposition also contributed. According to the estimated volume fraction of phases (Figure 6a), the
fraction of austenite decomposition products decreased with the addition of Mn and Ni. However,
a significant fraction was obtained in alloys 4Mn, 6Mn, and 6Mn2Ni. Hence, it is likely that apart
from carbon partitioning, austenite decomposition also contributed to the observed expansion in
these alloys.
Possible austenite decomposition products were analyzed based on TTT diagrams (Figure 7).
At 400 ◦ C, austenite is predicted to decompose into bainite in alloys 2Mn and 4Mn and in pearlite in
alloys 6Mn and 6Mn2Ni. However, the theoretical times for the start of pearlite phase transformation

Metals 2020, 10, 862

10 of 16

are significantly longer, which is in agreement with the lower fraction of austenite decomposition
products estimated in alloys 6Mn and 6Mn2Ni.
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could be related with the decomposition of austenite to ferrite, bainite, or isothermal martensite
transformation [6]. Carbon partitioning from supersaturated martensite to austenite can also cause
volume expansion [12,17]. However, comparatively, austenite decomposition to bainite gives rise to
a more pronounced expansion [6].
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the results strongly depend on the alloying content. The lower Mn containing alloys, 2Mn and 4Mn,
showed dilatation, whereas in the 6Mn and 6Mn2Ni alloys, continuous contraction was observed in all
the cases.
Additionally, a volume change was observed in the final cooling in alloys 4Mn, 6Mn, and 6Mn2Ni,
at the three high PTs, which denoted the formation of secondary martensite. This means that austenite,
at the end of partitioning, was not stable enough to remain untransformed in the final cooling. In alloy
2Mn, this volume change was not detected, indicating that secondary martensite formation was not
significant. Additionally, alloy 2Mn presented a non-linear dilatation during the heating from QT to PT,
as can be observed in Figure 8b–d. For the remaining alloys, a linear expansion was registered during
the heating. The non-linear expansion is likely to indicate the occurrence of a phase transformation
in this alloy during the heating to PT. For the 550 ◦ C partitioning temperature cycle, only the onset
of the transformation was observed at around 393 ◦ C. In the Q&P cycles with 600 ◦ C and 650 ◦ C as
partitioning temperatures, the start and end of the transformation were estimated as 379 ◦ C/552 ◦ C and
358 ◦ C/583 ◦ C, respectively. These temperatures are marked with arrows in Figure 8b–d. Based on
the previously presented SEM micrograph (Figure 4a), the observed expansion could be related with
pearlite formation. Furthermore, since secondary martensite formation was not evident in the final
cooling in the 2Mn alloy and the volume fraction of austenite was rather low in the final microstructure,
it is likely that austenite was mostly decomposed during the heating to PT and holding at PT.
In the PT550 cycle, a higher Mn content did not result in more austenite in the final microstructure.
According to the estimated volume fraction of phases (Figure 6b), the increase in Mn gave rise to a lower
decomposition of austenite in the partitioning stage as the volume fraction of other phases diminished.
However, the undecomposed austenite seemed to not be sufficiently stable and transformed into
secondary martensite in the final cooling, resulting in a higher volume fraction of secondary martensite
in the alloy with a higher Mn content. The addition of Ni in the 6Mn2Ni alloy seemed to be slightly
favorable for austenite stabilization.
According to the TTT diagrams, isothermal holding at 550 ◦ C decomposes austenite into pearlite in
the four alloys. The formation of pearlite clearly reduces the carbon available for austenite stabilization.
This is in agreement with the results found by Ayenampudi et al. [12], who found that strong competitive
reactions such as pearlite formation occurred at 500 ◦ C partitioning, decreasing the final austenite
content. However, pearlite formation would result in volume expansion [12], which was only observed
in alloys 2Mn and 4Mn. In contrast, the 6Mn and 6Mn2Ni alloys gave rise to a slight contraction in the
partitioning stage. Kannan et al. [18] and Onink et al. [19] showed that austenite films saturated with
carbon tended to decompose into carbon-depleted austenite and cementite, and this phenomenon gave
rise to contraction. Therefore, it seems that in alloys 2Mn and 4Mn, the main reaction leading to the
decomposition of austenite in the partitioning was pearlite formation, and in 6Mn and 6Mn2Ni alloys,
due to the higher Mn and Ni contents, pearlite formation was retarded and the main competitive
reaction occurring during the partitioning was austenite decomposition into carbon depleted austenite
and cementite. Both reactions resulted in a lower carbon available for austenite stabilization.
In the PT600 cycle, the volume fractions of phases were very similar in alloys 2Mn and 4Mn to
those determined after the PT550 cycle (Figure 6b,c). The most significant difference was that lower
fraction of other phases and an increase in the formation of secondary martensite were obtained in the
PT600 cycle. This behavior denoted that the amount of austenite decomposed into pearlite was lower
at 600 ◦ C, which is in agreement with the theoretical TTT diagrams that place the nose of pearlite closer
to 550 ◦ C. However, the fraction of austenite was not stable enough and secondary martensite formed
in the final cooling. The further addition of Mn and particularly Ni was more effective in retarding
the competitive reactions occurring during the partitioning stage, which resulted in more retained
austenite in the final microstructure. Nevertheless, at both 550 ◦ C and at 600 ◦ C, the occurrence of
austenite decomposition reactions strongly competed with carbon partitioning as well as with the
potential austenite stabilization by Mn and Ni, which is in agreement with the work published in [12].
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In the PT650 cycle, the results of the volume fraction of phases were, as before, very similar in the
2Mn and 4Mn alloys (Figure 6d). However, partitioning at 650 ◦ C on alloy 6Mn led to 0.34 retained
austenite in the final microstructure. As described earlier, in this alloy and PT condition, volume
contraction was observed in the partitioning stage. In this case, the high austenite volume fraction
measured by XRD and EBSD and the distribution and morphology of austenite observed in the SEM
and EBSD images pointed to the ART phenomenon as an explanation for the measured contraction.
The onset of ART was calculated by means of dilatometry tests, as described earlier. In Table 2,
it can be seen that the ART phenomenon started at a temperature lower than the Ac1 temperature
determined in the first heating stage of the Q&P cycle. The difference between both temperatures was
between 35 ◦ C and 52 ◦ C considering the four alloys and was related to the presence of pre-existing
austenite, which likely reduced the nucleation step of the transformation.
The temperature for the start of ART was determined to be 660 ◦ C in alloy 6Mn considering a
continuous heating from QT. However, stopping the heating at 650 ◦ C and keeping it there for 500 s
resulted in the formation of a 0.19 volume fraction of reverted austenite. Thus, the austenite fraction
at the end of the partitioning, which represented the accumulation of pre-existing austenite (0.24)
and the reverted austenite contents, was 0.43. The latter volume fraction was below the equilibrium
fraction at 650 ◦ C predicted by ThermoCalc (v. 2018b), which was 0.55. Given that 0.09 of secondary
martensite appeared in the final cooling, the finally retained austenite volume fraction was 0.34, which
was considered a high volume fraction.
Therefore, an important finding in this work was that ART in Q&P routes can stabilize a high
amount of austenite at room temperature in medium Mn steels. Additionally, it should be emphasized
that, in comparison with the intercritical annealing of medium Mn steels, the treatment applied in the
present work requires shorter partitioning times to stabilize a high amount of austenite. It is likely that
the pre-existing austenite reduces the nucleation time for ART and overall results in lower annealing
times needed for obtaining high austenite volume fractions. This finding can represent an important
advantage in terms of industrialization.
The occurrence of ART in Q&P heat treatments was previously analyzed by Ding et al. [16] in
what they called the quenching-austenite reversion treatment. They reported the formation of new
austenite by reheating the initial primary martensite + pre-existed austenite microstructure in the
intercritical region in a Fe-0.2C-8Mn-2Al steel alloy. Considering a pre-existing austenite fraction of
0.20 and 0.30 and a partitioning done at 660 ◦ C for one hour, the final RA measured by XRD was
around 0.44 and 0.35, respectively. Here, for an initial austenite of 0.25, the final austenite was slightly
lower at 0.34, which could be explained by the lower Mn addition in alloy 6Mn.
Finally, the addition of the 1.6 wt.% Ni in alloy 6Mn2Ni resulted in a further increase in the
final fraction of austenite, obtaining a 0.44 volume fraction of RA after the application of the PT650
cycle. The addition of Ni resulted in a stronger contraction in the partitioning stage, as can be seen in
Figure 8d. In this case, austenite formation in the continuous heating from QT was determined to start
at 640 ◦ C and the estimated austenite volume fraction at the end of the partitioning stage was 0.78,
which corresponded to the pre-existing austenite (0.25) and new austenite formed in the partitioning
(0.53). As this alloy presented a lower temperature for the start of ART, the driving force for austenite
reversion was higher, which resulted in a very high austenite volume fraction. This value was indeed
higher than the equilibrium fraction predicted by ThermoCalc at 650 ◦ C, 0.70, which was likely due to
the error in the estimation of the austenite fraction at the end of the partitioning, which was assumed to
be 12%. Nevertheless, both numbers were of the same order and it can be said that the volume fraction
at the end of the partitioning was very close to the equilibrium fraction predicted for alloy 6Mn2Ni. In
alloy 6Mn2Ni, a very significant amount of secondary martensite, 0.34, was formed in the final cooling.
3.3. Tensile Properties
Tensile tests were performed in all the Q&P conditions and alloys. Tensile strength results are
shown in Figure 9a and total elongation results in Figure 9b. It can be seen that in the conventional
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In comparison with the PT400 cycle, the higher PT cycles gave rise to a lower tensile strength,
which was related to the tempering process of the martensite phase. In the high PT cycles, Mn
additions were beneficial for strength and the influence of Ni was less noticeable, similar to the
behavior observed after the PT400 cycle. Generally, elongation improves at higher partitioning
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In comparison with the PT400 cycle, the higher PT cycles gave rise to a lower tensile strength,
which was related to the tempering process of the martensite phase. In the high PT cycles, Mn additions
were beneficial for strength and the influence of Ni was less noticeable, similar to the behavior observed
after the PT400 cycle. Generally, elongation improves at higher partitioning temperature, which
is mainly related with the tempering effect, and such a tendency was also confirmed in this work.
Furthermore, it was shown that elongation decreased with Mn addition. It is worth highlighting the
strong decrease in elongation caused by Ni additions at 600 ◦ C and 650 ◦ C and the clear improvement
obtained at 550 ◦ C. Similarly, the higher Mn in alloy 6Mn enhanced elongation at 550 ◦ C with respect
to alloy 4Mn, although it was still lower than in alloy 2Mn. The improvement of elongation obtained
at 550 ◦ C in alloys 6Mn and 6Mn2Ni with respect to 4Mn, but still below the value of 2Mn, should be
further investigated.
The analysis of the product of tensile strength and total elongation (Figure 9c) did not reveal,
generally, a significant improvement in the tensile properties by increasing the partitioning temperature.
This was related to the fact that most of the treatments at 550 ◦ C and 600 ◦ C were not effective in
stabilizing austenite due to the abundant competitive reactions. In the 650 ◦ C PT cycles, alloy 6Mn2Ni
gave rise to reverse austenite transformation and a 0.44 volume fraction of austenite was retained in
the material. However, it did not provide the material with a high elongation (7.9% elongation). Alloy
6Mn partitioned at 650 ◦ C also presented a high RA fraction in the final microstructure (0.34), however,
elongation was not significantly improved (14%).
In this work, a clear relationship between the product of tensile strength and total elongation with
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volume fraction of retained austenite was not found, as can be seen in Figure 10. Alloy 6Mn was the
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stability of RA may also play a role: in this work, it was suspected to be rather poor, however, more
investigation is needed.
4. Conclusions
High partitioning temperature Q&P cycles were applied to four low carbon steels with different
contents of Mn and Ni. In comparison with a conventional Q&P cycle with a partitioning temperature
of 400 ◦ C, the heat treatments with partitioning temperatures of 550 ◦ C and 600 ◦ C were less effective
for stabilizing austenite in the final microstructure of the investigated steels. This was related with the
occurrence of abundant competitive reactions: mainly pearlite formation and cementite precipitation.
At these temperatures, a slight influence of Mn content on austenite stabilization was observed, with
the effect of Ni more notable. However, the occurrence of ART at 650 ◦ C permitted the stabilization
of a high amount of austenite in the final microstructure, showing a clear influence of the Mn and
Ni contents.
In general, the improvement of the tensile properties obtained by the application of high
temperature cycles was not significant. In 550 ◦ C and 600 ◦ C partitioning cycles, it was related to the
low stabilization of retained austenite due to the occurrence of abundant competitive reactions. At
650 ◦ C, the high final austenite content did not result in better tensile properties, which might be due
to the presence of a higher fraction of secondary martensite in the final microstructure, although a
poor austenite mechanical stability may also play a role. It is understood that the addition of alloying
elements like Mn and Ni and stabilizing higher fractions of RA does not necessarily enhance the
mechanical properties of an alloy. Partitioning conditions play a key role in tailoring the mechanical
properties of an alloy.
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