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Abstract

Quenching and partitioning process focuses on carbon enrichment of austenite phase during a partitioning treatment after
initial quenching below the martensite start temperature (M;). In one-step quenching and partitioning process, steel is
partitioned at same quenching temperature whereas in the two-step quenching and partitioning process, the partitioning
treatment performs at a temperature above the quenching temperature. Austenitizing conditions, quenching temperature,
partitioning time and temperature are the important parameters for this heat treatment. The effect of partitioning time on
microstructural evolution in a C-Mn-Si steel during one-step quenching and partitioning process was investigated in
present work. For this aim, after full austenitization at 900 °C, specimens were quenched into an oil bath at 238 °C then
partitioned at this temperature for 10, 30, 100, 700 and 1000 s, finally water quenched to room temperature. Having
finished the heat treatments, the resulted multiphase microstructures were evaluated by optical microscopy and scanning
electron microscopy; then, the retained austenite volume fraction and its average carbon content were measured by X-ray
diffraction method in the heat treated specimens.
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1. Introduction

The development of steels containing combinations of martensite and austenite is one of the most promising
approaches being explored for the creation of new advanced high-strength steels (AHSS) [1]. A process
referred to as quenching and partitioning (Q&P) was introduced by Speer et al. [2] in 2003 to create steel
microstructures that contain martensite/austenite mixtures with tailored mechanical properties [3-7]. Q&P
process can lead to a multiphase structure with hard matrix and retained austenite which the initial and fresh
martensites can provide a high tensile strength while the retained austenite can provide a good ductility, and
the obtained multiphase microstructure can prohibit crack initiation and propagation effectively [8]. The Q&P
process includes: [9-12] (1) a partial or full austenitizing heat treatment, (2) fast quenching to a temperature
below the martensite start temperature (M;) but above the martensite finish temperature (My), to produce a
controlled volume fraction of supersaturated martensite and untransformed austenite, (3) subsequent
partitioning during quenching (one-step treatment) or above the M; temperature (two-step treatment), to
produce the complete diffusion of carbon from martensite to residual austenite (carbide precipitation is
prevented by alloying with Si or Al), and (4) quenching to room temperature. Consequently, the final
microstructure contains ferrite (in the case of partial austenitization), martensite and retained austenite.

A more accurate description of the microstructure is essential for better understanding of the microstructure
formation and better control of the final properties of the material [13]. Therefore, the goal of the present work
is to investigate the effect of partitioning time as an important parameter on microstructural evolution in a
C-Mn-Si steel during one-step quenching and partitioning process.

2. Materials and methods

2.1. Materials

The chemical composition of the investigated material in this study has been shown in Table 1. 1.24 wt.% manganese
was included in the chemical composition to retard ferrite, pearlite and bainite formation and to decrease the bainite start
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temperature, as well as to enhance the austenite stability and a silicon content of 1.38 wt.% was used to restrict carbide
precipitation during the partitioning step [14].

Table 1: The chemical composition of the investigated material (wt.%).

2.2. One-step Q&P heat treatment

For one-step Q&P heat treatment, the specimens were heated to 900 °C at heating rate of +5 °C/s in a furnace and held
for 10 minutes for full austenitization, then quenched into an oil bath at 238 °C (optimum quenching temperature) with
cooling rate of -220 °C/s. In continue, they were partitioned at this temperature for 10, 30, 100, 700 and 1000 s,
respectively, finally water quenched to room temperature (Figure 1).
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Figure 1: Schematic of one-step Q&P process applied in present work (M,=339 °C, Ac,=748.1 °C, Ac;=841.5 °C).

2.3. Characterization

Having finished the heat treatments, the treated samples were ground and polished mechanically then etched with 2%
nital for 6-8 s. After conventional metallographic preparation, the microstructural examination of the samples was
conducted using optical microscopy and JEOL JXA-840 scanning electron microscopy (SEM). In order to determine the
retained austenite volume fraction and its average carbon content in the specimens treated by one-step Q&P process, X-
ray diffraction (XRD) measurements were performed on a Bruker D8 diffractometer using CuKa radiation operating at
35 kV and 30 mA. Samples were scanned over a 20 range from 10 to 90 deg with a dwelling time of 1s and a step size of
0.05 deg. The volume fraction of retained austenite was measured based on the direct comparison method [15] by using
the integrated intensity of the (200),, (220), ; (200)m, (211) peaks and the average carbon content of retained austenite
was measured according to following equation [16]. The average carbon content obtained from both austenite peak
positions was calculated [17] in this study.

ag = 3.555 4 0.044x

Where aq is austenite lattice parameter in angstroms and x is average carbon content of austenite in weight percent.
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3. Results and discussion

3.1. Optical microscopy observations

Optical micrographs showing the morphology of the specimens treated by one-step Q&P process with
partitioning times of 10, 100, and 1000 s have been shown in Figure 2. According to it, a mixture of
martensite and carbon-enriched retained austenite phases was separably observed in the all specimens

Figure 2: optical micrographs for heat treated specimens: full austenitized at 900 °C, quenched to 238 °C,
partitioned at 238 °C for (a)10 (b)100 and (c)1000 s and finally water quenched to room temperature.

Base on Koistinen—Marburger relationship (following equation) [18], the volume fraction of virgin martensite
and untransformed austenite after quenching at 238 °C and prior to partitioning process were approximately
predicted 67 and 33 vol pct.

f, = 1— e 0-011(Ms=QT)

Where M; is martensite start temperature, QT is quenching temperature and f, is the fraction of martensite
produced in quenching temperature (QT).

Since, the carbon content of steel used in this study was less than 0.6 wt.%; hence, the virgin martensite has
had a lath morphology. After the second quenching to room temperature, a proportion of untransformed
austenite with enough carbon content could be stabilized at room temperature, another proportion of
untransformed austenite with a carbon content enough high transformed into twin martensite and the rest of
the untransformed austenite with a lower carbon content transformed into plate or lath martensite at room
temperature [19]. Optical microscopy observations give indications about the microstructure present in the
specimens for every Q&P condition. However, they do not provide microstructural details smaller than a few
microns [20]; therefore, SEM was used for these purposes.

3.2. SEM observations

The SEM micrographs for heat treated specimens have been shown in Figure 3. According to it, two kinds of
retained austenite with different morphology and size were existed in specimens. One was the island-like
shape and distributed along the grain boundary mainly, and a few of them distributed within martensite
matrix; the other was the film-like shape and distributed between martensite laths [21]. Cementite carbide
(Fe3C) precipitation was observed in specimens partitioned for longer partitioning times such as 700 and 1000
S.
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Figure 3: SEM micrographs of the treated specimns: full austenitized at 900 °C, quenched to 238 °C,
partitioned at 238 °C for (a)10 (b)30 (c)100 (d)700 (e)1000 s, and finally water quenched to room temperature.

3.3. XRD Analysis

The average carbon content obtained in different partitioning times has been shown in Figure 4. The highest
average carbon content was 1.5205% which obtained at partitioning time of 10 s and it may be due to the
rapid partitioning kinetics and high potential of carbon partitioning from supersaturated martensite to
untransformed austenite at primal times of partitioning process. The average carbon content of retained
austenite decreased intensively to 1.2886% in specimen partitioned for 30 s. It can be due to processes related
with the conventional martensite tempering, like carbon segregation in martensite. It can reduce the amount of
carbon available for the enrichment of the austenite during the partitioning step [13]. The diffusion of more
carbon atoms from supersaturated martensite to untransformed austenite during longer partitioning times (100
s) resulted in an increasing in average carbon content of retained austenite to 1.4022%. Carbide precipitation
decreases average carbon content of retained austenite because carbide formation consumes certain amount of
carbon in martensite, therefore there may not be enough carbon for the stabilization of untransformed
austenite during cooling from partitioning temperature to room temperature [22]. But apparently, the kinetics
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of carbon partitioning has been a dominant process especially at 700 s of partitioning time as it has leaded to
an increasing in the average carbon content to 1.4318% and restrained from severe decreasing in average
carbon content of retained austenite at partitioning time of 1000 s.
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Figure 4: The average carbon content of retained austenite measured for different partitioning times.

Retained austenite plays the key role on plasticity enhancement. As been pointed out in Ref. [23], interlath
film-like austenite can impede generation and propagation of cracks and in turn improve toughness
effectively; Furthermore, both interlath and island-like austenite can partially transform to martensite and
show ‘TRIP’ effect during deformation, eliminating stress concentration and retarding the happening of
necking [24], which results in the increasing of both strength and elongation. The retained austenite volume
fraction measured in different partitioning times has been shown in Figure 5. Also, XRD patterns of steel

treated by Q&P process with the maximum and minimum volume fraction of retained austenite have been
shown in Figure 6. The maximum volume fraction of retained austenite in this study was 11.83% which
obtained at partitioning time of 10 s and it was due to high average carbon content of untransformed austenite
in this condition but it decreased intensively to 7.23% in specimen partitioned for 30 s because of severe
decreasing in average carbon content of untransformed austenite in this state. Increasing in average carbon
content of untransformed austenite to 1.4022, 1.4318 and 1.3932% at partitioning time of 100, 700 and 1000 s
resulted in increasing in retained austenite volume fraction to 10.85, 10.43 and 10.73%, respectively. With
increasing in average carbon content of untransformed austenite during partitioning stage, its My temperature
decreases and its thermal stability increases. Therefore, carbon enrichment of untransformed austenite by
partitioning process can increase the volume fraction of retained austenite.

14 300
B
= 250
=
= ~
% 1 55 200
3w )
= : 150
2 2
.5 8 _85 100
@ 7
H 6 . 50 —(b)
10 30 100 700 1000
W1Step 1183 7.23 10.85 1043 10.73 0 —@
Partitioning time (S)
Figure 5: The retained austenite volume fraction Figure 6: XRD patterns of steel treated by one-step
measured for different partitioning times. Q&P process with the (a) maximum and (b)

minimum volume fraction of retained austenite.
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Conclusion

The behaviour of a C-Mn-Si steel under the one-step Q&P process was studied whereas under the two-step Q&P process
had been studied in previous literature [25]. In this study, two kinds of retained austenite with different morphology and
size were observable. One was the island-like shape and distributed along the grain boundary mainly, and a few of them
distributed within martensite matrix; the other was the film-like shape and distributed between martensite laths. Also,
Carbide precipitation occurrence was observed in specimens partitioned at 238 °C for longer partitioning times (700 and
1000 s). With increasing in average carbon content of untransformed austenite during partitioning stage, its M
temperature decreases and its thermal stability increases. Therefore, carbon enrichment of untransformed austenite with
partitioning process will increase the volume fraction of retained austenite. The highest average carbon content in this
study was 1.5205% which obtained at partitioning time of 10 s. Also, the greatest retained austenite volume fraction was
11.83% which obtained at partitioning time of 10 s and it was due to high average carbon content of untransformed
austenite in this condition.
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