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a b s t r a c t

Quenching and partitioning (Q&P) treated steels are traditionally alloyed with silicon (Si),

but its precise role on microstructural mechanisms occurring during partitioning is not

thoroughly understood. In this study, dilatometric analysis has been combined with

detailed microstructural characterization to unravel the competing mechanisms occurring

during partitioning either in parallel or in succession. Three 0.4 wt.% carbon steels with

varying Si contents were quenched to 150 �C for ~20% untransformed austenite, and par-

titioned for 10e1000 s in the temperature range 200e300 �C. The steel with low Si content

(0.25 wt.%) exhibited substantial bainitic transformation during partitioning at 300 �C and

only 4% retained austenite (RA) at room temperature (RT) even after 1000 s hold. In

contrast, a high Si fraction (1.5 wt.%) enabled retention of ~18% austenite under similar

conditions. While h-carbides precipitated within the martensite laths in the high-Si steel,

cementite precipitated in the low-Si variant. Furthermore, carbide precipitation and

growth were strongly suppressed by high Si content. Secondary martensite formation

occurred from carbon-enriched austenite during final cooling, irrespective of Si-content.

Results illustrate that Si retards austenite decomposition at higher partitioning tempera-

tures but does not improve carbon partitioning at lower temperatures.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Speer et al. [1] first reported the quenching and Partitioning

(Q&P) process in 2003 in pursuance of developing ultrahigh-

strength steels with good ductility and sub-zero toughness,
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besides improved strain hardening capacity. The Q&P process

is well recognized for its potential in improving both the

uniform and total elongations as well as work hardening

behavior and has emerged as a promising route for developing

ultrahigh strength steels [2e5]. The process comprises auste-

nitization at a requisite temperature above Ar3, and
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Table 1 e Chemical compositions of the experimental
steels and their Ms-temperatures.

Steel
code

C [%] Si [%] Mn [%] Al [%] Cr [%] Ni [%] Ms [�C]

Steel A 0.40 1.51 2.05 0.02 1.00 0.49 270 ± 3

Steel B 0.40 0.68 2.04 0.02 1.00 0.49 280 ± 3

Steel C 0.40 0.25 2.02 0.02 1.00 0.49 285 ± 3
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subsequent quenching to a temperature between martensite

start (Ms) and finish (Mf) temperatures, and holding for a

certain time to allow carbon partitioning from supersaturated

martensite to austenite, which facilitates stabilization of

austenite either fully or partly down to RT [6]. Initial

quenching to a quench-stop temperature (TQ) betweenMs and

Mf results in essentially a martensitic matrix with the

remaining untransformed austenite finely divided in

martensite, mainly as interlath austenite that is subsequently

stabilized by facilitating carbon partitioning at a temperature

(TP), generally at or above TQ (TP � TQ) for a requisite parti-

tioning time (Pt). The decomposition of austenite and precip-

itation and growth of carbides are intentionally prevented by

alloying with Si and/or Al to have more carbon readily avail-

able for partitioning [6e8]. In an ideal situation, the treatment

facilitates a fine acicular aggregate of carbon depleted lath

martensite with finely divided interlath austenite. While the

martensite in the matrix provides the high strength, a minor

fraction of RA improves the elongation and strain hardening

capacity, without a possible decrease in toughness.

Furthermore, retention of austenite during final cooling

depends not only on the initial TQ but also on TP and Pt.

Depending on the carbon enrichment of austenite, a fraction

of it may transform into high-carbon martensite during

cooling to RT [9]. This secondary martensite is often referred

to as secondary martensite (SM), which possesses higher

hardness than the initial martensite as a consequence of its

higher carbon and largely untempered state [10]. Other

competing microstructural processes are tempering of

martensite, precipitation of carbides, and phase trans-

formation to bainite [11,12]. Some studies have even sug-

gested formation of isothermal martensite in Q&P steels

[13e15]. These processes occurring simultaneously or in suc-

cession during Q&P processing renders the microstructure

very complex.
Fig. 1 e Relative length change in Steels A (a), B (b) and C (c) durin

steels (d).
Alloying with significant levels of Si (and/or Al) in Q&P

steels inhibit precipitation and/or growth of cementite (q)

during the partitioning treatment [9,16e18]. The role of silicon

in carbon partitioning process has been studied by Kim et al.

[19] using 1% C experimental steels without or with 2% Si.

They concluded that the carbide precipitation did take place

regardless of the silicon content, though the extent and ki-

netics of precipitation varied depending on Si content. Pre-

sumably this is because of the high carbon content in the

steel, but the addition of Si does improve stabilization of

austenite during partitioning, besides retarding the process of

decomposition.

On the other hand, Si has been reported to enhance the

formation of transition ε-carbide as well as increase its sta-

bility [6,20]. HajyAkbary et al. [11] have reported ε-carbide

precipitation during initial quenching of 0.3Ce1.6Si steels

during Q&P processing. They stated that this carbide forma-

tion was the main cause of reduced carbon partitioning than

what is expected, as estimated from thermodynamic simu-

lations. Pierce et al. [21] studied the formation of transition

carbides in 0.38Ce1.48Si steel after Q&P using M€ossbauer

spectroscopy and illustrated the precipitation of h-carbide to

precipitate in conjunction with carbon partitioning.

With dilatometric analysis relative volume changes during

partitioning can be recorded, enabling in-situ correlation with
g quenching and reheating tests and in quench to RT for all
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Fig. 2 e Schematic diagram of the Q&P simulations.
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the microstructural mechanisms [22,23]. For instance, carbon

partitioning in itself leads to a minute volume expansion.

Isothermal phase transformation to bainite and/ormartensite

leads to a large volume expansion and significant linear

change in the sample diameter. Tempering of martensite

leads to contraction [24].

In industry there is a demand for lowering the silicon

content in Q&P steels to be able to have improved surface

quality and properties. Themain reason is the formation of an

adherent layer of fayalite (red scale) on the surface that is

undesirable in hot rolled high Si steels [25,26].

Thus, the main objectives of the present study are to

comprehend the effects of Si alloying on carbon partitioning,

carbide formation and austenite decomposition during Q&P

treatment in 0.4 wt.% carbon steels by varying the Si content

and to study the possibility of designing a low-temperature

partitioning step for the low-Si steel using in-situ dilato-

metric analysis and qualitative and quantitative microstruc-

tural characterization. In this regard, relative volume changes

occurring during partitioning were discerned in-situ via dila-

tometer analysis and correlated with microstructural evolu-

tion during Q&P treatment in 0.4C steels with three different

silicon levels. Various microstructural characterization tech-

niques, viz., X-ray diffraction (XRD), transmission electron

microscopy (TEM), field-emission gun scanning electron mi-

croscope (FEG-SEM) and electron backscatter diffraction

(EBSD) were employed to establish a deeper knowledge on the

role of Si during Q&P treatment.
2. Materials and methods

Three medium carbon (0.4 C) steels having different Si con-

tents (i.e., 1.51, 0.68 and 0.25 wt.%) were designed for this

study. The steel castings were procured from OCAS NV, Zel-

zate, Belgium as 70 kg vacuum-cast ingots. The compositions

of the three steels estimated using spark-optical emission

spectroscopy (SOES) and combustion analysis for carbon are

shown in Table 1.

200 � 80 � 60 mm blocks of the experimental steels were

soaked at 1200 �C for 2 h and then hot rolled to 12 mm thick

plates using a laboratory rolling mill (1 Mn Carl Wezel).

∅6 mm � 9 mm cylindrical specimens were machined from
rolled plates for dilatation measurements with a Gleeble 3800

thermomechanical simulator.

Based on the continuous cooling transformation (CCT)

simulations conducted with JMatPro® software, a linear

cooling rate of 30 �C/s was chosen to prevent phase trans-

formations prior to reaching the Ms temperature. With this

cooling rate, 99% martensitic microstructure with 1% RA is

predicted for each steel. The absence of phase trans-

formations prior to reaching the Ms temperature was also

verified by continuous cooling dilatation experiment. One

specimen of each steel was reheated at a linear rate of 20 �C/s
to 1150 �C, soaked for 2 min and then cooled at a linear rate of

30 �C/s to RT to determine the Ms temperature, besides

attaining nearly complete martensitic structure at RT before

reheating at 100 �C/s to 900 �C to obtain a dilatometer trace for

themartensite (Fig. 1). With high heating rate, it is anticipated

that the tempering is not significant to influence the slope of

martensite. Through a basic linear analysis of the dilatometric

curves using lever rule, the martensite fractions at a given

temperature in the Ms e Mf range can be easily estimated for

each steel. A dilatation specimen of each steel reheated at

20 �C/s and cooled at 30 �C/s down to RT, as described above,

was checked for possible RA using XRD.

A test plan for the three experimental steels showing

various Q&P simulation experiments following full austeniti-

zation is depicted in Fig. 2. On the basis of linear analysis of

preliminary quenching and reheating tests, a quench-stop

temperature (TQ) of 150 �C was selected with the purpose of

achieving ~75e80% martensite before partitioning at three

different temperatures of TP ¼ 200, 250 and 300 �C. The parti-

tioning temperatures were kept relatively low in order to

avoid excessive carbide precipitation and growth and bainite

formation. Partitioning times (Pt) of 10, 100 and 1000 s were

selected in order to study their effects on the microstructural

mechanisms at different TP temperatures. The dilatometer

measurements were recorded for the experimental sequence

covering cooling from austenitization temperature to TQ,

reheating to TP, isothermal holding at TP for Pt times and

subsequent final cooling to RT.

The Q&P specimens were cut in the middle along the

length of the samples near the thermocouple location for

microstructural characterization. The specimens were pol-

ished using normal metallographic procedure and etched

with 2% Nital reagent and examined for microstructures with

a Zeiss Sigma FEG-SEM. Select specimens were investigated

with EBSD to reveal the phase distribution including RA,

though limited to its given resolution of about 80 nm. For EBSD

the specimen preparation included an additional polishing

step with colloidal silica (0.004 mm) suspension. TEM study

was conducted using a JEOL 2200FS EFTEM/STEM operated at

200 kV enabling high magnification resolution to be able to

illustrate in-depth structural phenomena that might be

occurring during Q&P. For TEM analyses, thin lamellas were

sectioned from the specimens using focused ion beam (FIB)

technique. The phase fractions of RA in Q&P treated samples

and their carbon contents were estimated using a Rigaku

Smart Lab 9 kW XRD unit (40 kV; 135 mA). The measurements

were performed using CoKa X-rays with 2q ranging from 45 to

130� and the rotation executed at 7.2�/min. The obtained
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Fig. 3 e Relative change in diameter with time during heating at 20 �C/s after quenching at TQ and subsequent partitioning

at TP in Steels A (a), B (b) and C (c).
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diffractograms were analyzed by Rietveld refinement using a

PDXL2 software.
3. Results and discussion

3.1. Volume changes during partitioning

The dilatation curves of the three steels at the three different

TP’s are presented in Fig. 3 (note the logarithmic time scale).

Heating to TP occurs at 20 �C/s following 1 s holding at TQ,

which explains most of the quick expansion soon after 1 s.

During the heating and at the start of the isothermal holding

at TP there are some electronic control-related fluctuations in

temperature, which explain the oscillatory peaks seen in the

plots as seen in Fig. 4. After reaching the TP, initially, sample

diameter increases slowly (region I) before switching to a rapid

expansion (region II). In some cases, a third region (region III)
Fig. 4 e Example of the oscillatory peaks in temperature

control (Steel C e TP ¼ 300 �C).
may follow, inwhich contraction of samples occurs. In steel A,

there is no fast increase in diameter noticed at any TP during

the 1000 s hold, typical of region II. The increase is most

prominent in the low-Si steel C at 300 �C.
In the case of low-Si steel C (Fig. 3c) a rapid expansion

(Region II) occurs after 40 s holding at 300 �C in comparison

with relatively small expansion seen at 250 �C after 200 s. At

200 �C the region II starts at about 400 s. This type of signifi-

cantly rapid expansion is associated with bainite phase

transformation [22]. Da Silva et al. [12] have reported that

bainitic transformation can occur during isothermal holding

even below Ms temperature, as observed in steel C at 250 �C
and 200 �C.

In steel A (Fig. 3a) there is a small expansion occurring at all

partitioning temperatures (region I). This correlates well with

the change in volume corresponding to partitioning of carbon

from martensite to austenite [23]. However, other micro-

structural mechanisms, such as occurrence of isothermal

martensite formation and/or bainite transformation, which

can be difficult to distinguish from the dilatation behavior,

may also take place together with carbon partitioning [14,15].

Towards the end of the 1000 s holding at 250 �C and 300 �C, the
in-situ dilatation measurements reveal a slight expansion

after a plateau between ~200 and 600 s in steel A. This is a

potential indication of the start of bainitic transformation,

though very sluggish.

The dilatation behavior in steel B (Fig. 3b) lies somewhere

between the steels A and C, as expected. At 300 �C, there is a

sharp transition from slight continuous expansion to a rapid

increase in diameter. As discussed, this is due to partitioning

of carbon (and perhaps due to formation of isothermal

martensite) in the beginning (region I) and bainitic trans-

formation (region II) subsequently. At 250 �C, the behavior is

similar, but the latter part is much slower.

https://doi.org/10.1016/j.jmrt.2021.01.085
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Fig. 5 e Martensite fractions at different quench temperatures for Steels A (a), B (b) and C (c).
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In all the experimental steels, there is a contraction period

seen at certain time, when holding at 200 �C (discernible even

in logarithmic scale). This contraction is expected to be related

to tempering of martensite [24]. In steels A and B, the

contraction happens after about 300 s holding following car-

bon partitioning (region I). In steel C, the contraction starts

around 80 s without any prior expansion, suggesting insig-

nificant carbon partitioning prior to the start of contraction.

Furthermore, soon after the beginning of partitioning (region

I) at 300 �C, there is a small contractionmarked by slight initial

decrease in diameter before expansion in steel C corre-

sponding to region II. This small contraction is believed to be

related to carbide precipitation and/or tempering. This is

attributed to the low Si content (0.25 wt.%) in the steel, which

is inadequate to prevent formation of carbides at this parti-

tioning temperature [3].

As mentioned previously, Si is intentionally added in Q&P

steels to inhibit or delay the carbide formation thereby

ensuring the partitioning of carbon from supersaturated

martensite to untransformed austenite in order to stabilize it.

The dilatometric findings discerned in-situ in this study can be

clearly explained based on the extent of alloying with Si in the

steel. More recently it has been shown that carbide precipi-

tation might happen even in high Si steels depending on the

carbon content of the steel [11,13] and at temperatures as low

as 200 �C. Pashangeh et al. [27] have shown that carbides can

form even at 200 �C in a 1.67 Si medium carbon steel. It is also

suggested that adding Si may actually enhance precipitation

and stability of transition carbides at certain temperatures

[11]. However, Kim et al. [19] reported that adding Si stabilizes

the austenite phase during carbon partitioning, thus retarding

its decomposition. The potential carbide precipitation cannot
be seen directly from the dilatometric data and needs to be

verified with TEM.

3.2. Phase fractions

3.2.1. Primary martensite
The primary martensite (PM) fractions after quenching at

150 �C was determined from the cooling curves using the

linear analysis and lever rule as depicted in Fig. 1. The RA

contents of quenched sampleswere also taken into account in

these calculations. Estimation of Mf, which is an indistinct

term, is difficult from these cooling curves as it may not be

reached even at temperatures below 50 �C (Fig. 1). The fraction

of martensite formed at a specified quench temperature

calculated using the classical Koistinen-Marburger model (K-

M) is given in Eq. (1) [28]:

f a
0 ¼1� exp½ � am �ðTKM �TQÞ� (1)

where fa
0
is the fraction of martensite formed, am is the

transformation rate parameter and TKM is the theoretical Ms

temperature. Van Bohemen and Sietsma [29] proposed that

TKM can be estimated from the empirical relation of Ms based

on chemical composition according to Eq. (2) originally

developed by Andrews [30]:

TKMð�CÞ¼462�273xC � 26xMn � 16xNi �13xCr � 30xMo (2)

where xn abbreviates the amount (in wt.%) of a particular

alloying element n (C, Mn, etc.).

The influence of chemical composition on the trans-

formation rate parameter can be estimated using Eq. (3) as

described by Van Bohemen and Sietsma [29]:

https://doi.org/10.1016/j.jmrt.2021.01.085
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am ¼ 0:0224� 0:0107xC � 0:0007xMn � 0:00005xNi � 0:00012xCr

� 0:0001xMo

(3)

am and TKM calculated based on the chemical composition

using Eqs. (2) and (3), respectively, did not give comparable

results with the experimental data and were modified slightly

with new fitting parameters to correlate better with the

experimental results and to enable appropriate use of Eq. (1).

The modified am and TKM for the three steels are as follows

(including results of Eqs. (2) and (3) in brackets): for steel A

0.0120 K-1 and 260 �C (0.0166 K-1 and 279 �C), for steel B

0.0110 K-1 and 285 �C (0.0165 K-1 and 278 �C) and for the steel C

0.0116 K-1 and 287 �C (0.0166 K-1 and 280 �C), respectively. The

fractions of martensite at different temperatures measured

using dilatometric analysis and K-M equation (Eq. (1)) with

modified parameters are plotted together in Fig. 5 a-c.

As also noted by others [14,29,31], the K-M equation does

not give precise values in the very beginning of themartensite

transformation. The slow incremental start of transformation

measured is ascribed to the microsegregation of alloying ele-

ments [32]. A modified K-M equation was used to help

extrapolate the experimental curves to RT in order to estimate

the amount of RA, as also confirmed by XRD analysis of the

quenched specimens. Accordingly, the estimated martensite

percentiles at TQ ¼ 150 �C estimated were 72% for steel A and

77% for steels B and C.

3.2.2. Secondary martensite
The amount of secondarymartensite (SM) transformed during

final cooling in the Q&P treated steels was estimated by

calculating the relative change in diameter using the de-

viations in the experimental curves and the dashed lines

indicating the linear temperature dependency as shown in

Fig. 6 [31,33]. This difference in relative diameter in each

condition is compared to the net dilatation of the DQ spec-

imen to obtain the amount of SM formed. For steel C, the net

dilatation corresponding to martensitic transformation for

the direct quenched specimen is around 0.90% (Fig. 6). The RA

content in as-quenched condition was estimated to be about

5% using XRD suggesting that the dilatation of 0.90% change in

diameter correlates with 95% martensite formation. For the

SM transformation in steel C after quenching at 150 �C and
Fig. 6 e Example on the calculation of the dilatation caused

by martensitic transformation.
partitioning at 250 �C for 100 s, the relative change in diameter

is around 0.08%. Correlating it with the primary martensite

transformation, 0.08% change means ~8% secondary

martensite formation (Eq. (4)):

SMð%Þ¼ Relative dia change for secondary martensite
Relative dia change for as quenched martensite

�As quenched martensite% (4)

The dilatation curves showing the potential secondary

martensite transformation for all the Q&P treated specimens

are presented in Fig. 7. The amount of secondary martensite

for each Q&P treated sample was estimated as described in

Fig. 6 and Eq. (4). The start temperatures for the secondary

martensite transformation (SMs) are obtained from the data

presented in Fig. 7 in a similar manner as presented in Fig. 1

for the initial Ms (with ±3 �C accuracy).

The estimated secondarymartensite fractions for the three

Q&P treated steels are shown in Fig. 8 (with ±1 %-point accu-

racy). The first noticeable thing is that after 1000 s partitioning

at 300 �C, no noticeable martensite transformation occurs

during final cooling. Secondly, the transformed SM after par-

titioning at 200 �C is highest in the case of steel A. This is

because of the lower initial amount of primary martensite

(72% in steel A vs. 77% in steels B and C). Otherwise, the SM

formation behavior is essentially similar regardless of the Si

content in the steels. As expected, a schedule comprising

lower TP and shorter Pt results in a higher fraction of SM.

3.2.3. Retained austenite and other phase mixtures
The RA contents of the Q&P treated samples were measured

by XRD analysis. Selected X-ray diffraction profiles are pre-

sented in Fig. 9. It is to be noted that when the austenite

content is quite low (<5%), the result has a higher level of

uncertainty, thus rendering the quantification close to an

approximation. Nevertheless, the accuracy is fair enough for

this study if we know that the austenite is less than 5% for

those measurements displaying small austenite peaks.

By deducting the volume fractions of PM, RA and SM from

the matrix, the amounts of other potential phases can be

established. With these Q&P treated 0.4 C steels the rest is

believed to consist of bainite, which has been transformed

from austenite during the partitioning step, and the carbides

precipitated during partitioning. Possible formation of

isothermal martensite, if any, is insignificant and has been

ignored in these calculations. An et al. [34] have clarified how

to estimate the bainite fractions directly from the dilatation

curves. However, further experiments would be needed to

carry out this study. Therefore, no numerical estimates are

given for the amount of bainite formed for various conditions.

The phase fractions of all test materials are shown in Fig. 10

(with ±1 %-point uncertainty).

In general, the fractions of RA are higher with higher Si

alloying. This correlates well with the results of Kim et al. [19]

that illustrate that the addition of Si stabilizes the austenite

during partitioning by reducing the activity of carbon to form

carbides and thus retards its decomposition. They also stated

that the addition of Si favored the partitioning of carbon from

martensite to austenite. The original reasoning that alloying

the Q&P steels with Si would prevent carbide formation and

https://doi.org/10.1016/j.jmrt.2021.01.085
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Fig. 7 e Relative length change during Q&P in Steels A (a), B (b) and C (c). The positions of the dilatation curves are shifted

arbitrarily on the length scale (y-axis) and replotted for clarity.
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hence,more carbon is readily available for partitioning cannot

be verified from the dilatometry data. As shown earlier in

Fig. 8, SM transformation occurred in all the steels in a similar

manner regardless of the Si content. This behavior suggests

that the positive effect of Si is more in respect of retarding the

austenite decomposition during partitioning rather than

improving the carbon partitioning to austenite in this TP range

in order to be able to stabilize it down to RT. The effect of

silicon on carbide formation is further discussed in section

3.5.3 using TEM study. It can, therefore, be concluded that

regardless of Si content, even a Pt of 1000 s is not enough to

fully stabilize the austenite down to RT when isothermally

held at TP ¼ 200 �C or 250 �C. When partitioned at 300 �C, the
austenite that has not decomposed during partitioning is

largely stabilized at RT, the amount being higher with higher

Si in the steel. This suggests that the partitioning of carbon

desired for austenite stabilization has been complete after

1000 s at 300 �C, though the total amount of available carbon

can be much higher depending on the Si level because of the

occurrence of the competing processes, such as locking of

carbon at dislocations, carbide precipitation, etc. The effect of
Fig. 8 e Amount of secondary martensite (SM) formed du
Si on carbide formation is further discussed in section 3.4.3

using TEM study.

The formation of relatively significant amount of bainite in

steel C during partitioning at 300 �C for 1000 s has been clearly

revealed by the expansion seen in region II of the dilatation

curve (Fig. 3c). A small expansion marking the austenite

decomposition into bainite is also seen in steel B under similar

conditions. In the case of steels A and B partitioned at

TP ¼ 200 �C for all Pt times, and for all other specimens with

Pt ¼ 10 or 100 s, no significant increase in the sample diameter

was seen during partitioning. However, adding up the

measured RA, PM and SM based on the dilatometer mea-

surements did not make up for the complete volume in most

cases. The discrepancy can be explained partly in respect of

the variation in actual untransformed austenite following

initial quenching at TQ prior to partitioning, and partly to the

formation of carbides and possible other phase trans-

formations, such as isothermal martensite, during the early

stages of partitioning.
ring final cooling in the Q&P treated steel samples.
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Fig. 9 e Example of the diffraction profile measured with XRD (steel A).
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3.3. Carbon content of retained austenite and secondary
martensite

The carbon content of RA (Cg) was determined based on the

lattice parameter of austenite (ag) derived from XRD results

using the method and equation (Eq. (5)) established by Dyson

and Holmes [35e37].

ag ¼ 3:556þ 0:0453xC þ 0:00095xMn þ 0:0056xAl þ 0:0006xCr (5)

where ag is the lattice parameter (�A) of RA and xC, xMn, xAl and
Fig. 10 e The phase fractions of Steels A (a), B (b) a
xCr are the concentrations (in wt. %.) of the alloying elements

C, Mn, Al and Cr, respectively. The effect of silicon on the

lattice parameter of austenite has been shown to be negligible

[35]. The lattice parameters and calculated carbon contents of

austenite are presented in Table 2. The measurement with

XRD in itself is very precise and the.

PDXL software gives mathematical error of the fit, which is

around ±0.2 for the amount austenite in the present cases.

The accuracy of determining retained austenite with XRD is

around ±1%. The mathematical error for the fit regarding the
nd C (c) determined via dilatometry and XRD.
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Table 2 e The measured RA fractions concerned lattice
parameters and carbon contents following Q&P
treatments.

TP [�C] Pt [s] g [%] ag [�A] Cg [%]

Steel A 200 10 3 3.58 0.51

100 7 3.58 0.54

1000 10 3.59 0.61

250 10 7 3.59 0.66

100 14 3.59 0.73

1000 14 3.60 0.84

300 10 11 3.60 0.67

100 15 3.60 0.86

1000 18 3.60 0.93

Steel B 200 10 3 3.59 0.67

100 7 3.58 0.55

1000 9 3.59 0.62

250 10 9 3.59 0.75

100 9 3.59 0.64

1000 14 3.60 0.83

300 10 11 3.60 0.85

100 13 3.59 0.76

1000 15 3.61 1.07

Steel C 200 10 5 3.59 0.58

100 7 3.59 0.61

1000 7 3.59 0.65

250 10 7 3.59 0.69

100 6 3.59 0.63

1000 10 3.59 0.74

300 10 8 3.59 0.78

100 9 3.59 0.67

1000 4 3.61 1.13
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austenite lattice parameters lies well below the second deci-

mal accuracy of the presented results.

Scott et al. [38] and Kantanen et al. [37] have stated that the

different stress concentrations in the austenite have also an

effect on the lattice parameter, whichmakes the selection of a

suitable equation relatively difficult. It is noteworthy that the

carbon is not evenly distributed throughout the austenite, and

hence, the calculations give only an average value of the

carbon content. Also, with small amounts of austenite,

measuring the lattice parameter has a higher degree of

uncertainty.

It is noteworthy that the carbon content of RA is highest

with the low-Si steel C after partitioning for 1000 s at 300 �C,
presumably as a consequence of the lowest amount of

austenite retained at RT. The high amount of carbon in steel C

corresponding to TP/Pt ¼ 300 �C/1000 s can be attributed to

rejection of carbon during significant bainitic ferrite trans-

formation, though the amount of RA was only 4% (Table 2).

However, a low amount of austenite (4%) suggests that the

lattice parameter calculation and carbon content estimation

may be susceptible to error because of the small austenite

diffraction peaks. The plots of RA fractions of the three steels

vs. their respective carbon contents are illustrated in Fig. 11,

regardless of Q&P conditions. In general, higher carbon con-

tent relates to higher RA. Though it seems that higher Si yields

in higher RA at a given Cg, more data points are required to

statistically confirm the behavior. However, this implies that

Si improves the stability of austenite rather than improving

the carbon partitioning. Though Si is a strong ferrite former, it

is also a strong graphitizer and hence it lowers the activity of

carbon in austenite and prevents or at least delays the for-

mation of carbides, thereby promoting enrichment of carbon

in austenite during the partitioning process and leading to its

stabilization.

In some cases, the carbon content of austenite after par-

titioning for 100 s is lower than after 10 s. This could be either

due to the onset of carbide precipitation or a possible error

caused in calculation by the effect of heat treatment on the

lattice stress state. Further work is necessary to understand

this effect, but it is beyond the scope of this study.

The carbon content of the secondary martensite formed

during cooling (Table 3.) can be estimated from the start

temperature of the transformation (obtained from the dilata-

tion curves presented in Fig. 7) using Eq. (6). Derived from

Stuhlmann [39], where xn denotes the amounts of alloying

elements in wt. % and SMs is the measured Ms for the sec-

ondary martensite transformation.
xC ¼550� 40xMn � 20xCr � 10xMo � 17xNi � 8xW � 35xV � 10xCu þ 10xCo þ 30xAl �Ms2

350
(6)
The carbon content of secondary martensite formed after

different Q&P treatments determined on the basis of
dilatometric results and using Eq. (6) are presented in Fig. 12

together with the carbon contents of RA.

The determined carbon contents are lower for the RA than

for the SM in all conditions. This shows that the methods do

not provide comparable results, as the carbon content of the

RA should be more than that of the SM. Kim et al. [19] pro-

posed that the compressive strain in RA due to SM affect the

lattice parameter determination, and therefore the Cg would

be underestimated. The carbon content in the untransformed

austenite after the primary quench changes during the par-

titioning and is not homogenous throughout the finely divided

austenite. There is a possibility of carbon concentration

gradient across the austenite films or pools, with a higher

carbon concentration close to the austeniteemartensite in-

terfaces compared to that at the middle of the austenite. This

means that the austenite areas are not thermally stable and

hence, parts of carbon-lean austenite may transform to SM
during final cooling. It is noteworthy that the size and

morphology of the RA play a significant role in its stability,

which renders the carbon content estimation imprecise based

on the Ms-temperature only.
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Fig. 11 e Retained austenite vs. its C % in Q&P treated test materials.
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3.4. Microstructures

3.4.1. Scanning electron microscopy
SEM micrographs of Q&P treated steels A and C held for

1000 s at 300 �C are presented in Fig. 13a-f. Themain difference

between high and low Si steels is the amount of carbide-free

areas, which are larger in steel A with high Si. In the case of

steel C partitioned at 300 �C (Fig. 13f), carbide-free areas are

normally not present and copious carbide precipitation is

quite common, unlike in the case of steel A, where large areas

are often devoid of any carbides. This suggests that Si did

effectively play its role in hindering the carbide nucleation

and/or growth at 300 �C. These carbide-free smooth areas are

populated frequently as high carbonmartensite-austenite (M-

A) constituents (Fig. 13a-c). In the microstructures of steels

partitioned at 200 �C and 250 �C, some regions revealed for-

mation of fresh martensite, transformed during final cooling

as the austenite was not fully stabilized down to RT. Also,

bainite is observed in steel C after 1000 s partitioning at 300 �C
(Fig. 13f). At lower TP, M-A constituents are present in steel C

as well, even though a significant volume of carbides is
Table 3e Secondarymartensite start -temperatures (SMS)
for the Q&P treated steels.

TP [�C] Pt [s] Steel A [�C] Steel B [�C] Steel C [�C]

200 10 130 135 135

100 130 125 130

1000 120 120 120

250 10 130 130 130

100 120 120 120

1000 110 105 115

300 10 125 120 125

100 100 105 120

1000 e e e
present in the steel in sharp contrast to the microstructure of

steel A.

3.4.2. EBSD analysis
EBSD analysis was performed to distinguish martensite from

austenite. Owing to its particular crystal structure (FCC)

typical of austenite can be readily recognized. EBSD phase

maps for steel specimens A, B and C following partitioning at

300 �C for 1000 s is presented in Fig. 14a-c. In the phase maps,

green color corresponds to the FCC austenite films/grains,

whereas the red color corresponds to BCC ferrite/martensite.

EBSD results indicate that a part of the RA exhibits a blocky

morphology and located mainly at prior austenite/packet

boundaries. The film-like RA is distributed randomly between

martensitic laths and is often difficult to reveal because of the

restricted resolution of the EBSD technique (~80 nm). Despite

using a fine step size of 0.04 mm (40 nm) in the EBSD scans, it is

apparent that the resolution limit of identifying RA via EBSD

analysis is far lower than that measured by XRD. This is partly

expected as the finest interlath austenite is too fine to be

discerned, as limited by the resolution of the method. The

trend, however, is closely similar in respect of RA fractions as

in the XRD results, the highest values being in the high Si steel

A at 300 �C with Pt ¼ 1000 s, see Table 2. In general, the

austenite is seen finely distributed between austenite laths

with some pools present with higher Si.

3.4.3. Transmission electron microscopy
Both TEM bright field (BF) as well as dark field (DF) imaging

have been carried out on select Q&P specimens to further

characterize the morphology of different phases (martensite,

RA etc.), along with the analyses of selected area electron

diffraction (SAED) patterns recorded at different locations of

interest with special emphasis on carbides identification. TEM

BF image of steel A (high Si) partitioned at 300 �C for 1000 s is
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Fig. 12 e Estimated carbon contents of SM and RA in the different Q&P conditions.

j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 1 ; 1 1 : 1 0 4 5e1 0 6 0 1055
presented in Fig. 15a showing typical martensite lath struc-

ture with interlath RA. Twinned martensite structure was

observed in some locations. These are believed to have formed

during final cooling from carbon enriched austenite, as the

martensitic transformation in medium/high carbon steels

often accompanies formation of twins in order to accommo-

date the transformation strains [40]. Dislocations were

observed in both twinned and untwinned regions of the

martensitic laths, though a large number of them might have

recovered during tempering (partitioning). The DF image (Fig
Fig. 13 e Secondary electron (in-lens) micrographs of Q&P treat

(TP ¼ 300 �C).
14b) corresponding to the BF microstructure in Fig. 15a

revealed finely divided interlath films of RA, though some

pool-like structures were also evident. SAED patterns of RA

were recorded on the [110]g zone axis. A thorough examina-

tion of various twin-jet thinned discs failed to reveal presence

of any carbides. This suggests that the high silicon in the steel

prevented carbide formation at 300 �C, despite the presence of

a significant carbon content in the steel (0.4 wt. %). However, a

careful examination of few thin films revealed the existence of

very fine h-carbide precipitates within the martensite laths in
ed steels A (aec) and C (def) partitioned for 1000 s
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Fig. 14 e EBSD IQþ phasemap (green¼ austenite, red¼ ferrite) of Q&P treated (TQ/TP ¼ 300 �C/1000) specimens: Steels A (a),

B (b) and C (c).
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some locations, as shown in TEM BF and DF images, respec-

tively in Fig. 15d and e. The SAED pattern of the detected

carbide precipitates indicated the crystal structure was likely

to be h-carbide, as shown in Fig. 15f. Although, ε-carbide does

also have a similar SAED pattern, its crystal structure is

essentially hexagonal, unlike in the case of h-carbide, which is

structurally orthorhombic. The interplanar spacing measured

from SAED pattern on [001]h zone axis confirmed the forma-

tion of h-carbide.

Fig. 16a shows the TEM BF image of the steel B specimen

partitioned at 300 �C for 1000 s, showing the martensite laths
Fig. 15 e TEM bright field (a,d), dark field (b,c) images and corres

carbide of Q&P 300�C-1000s treated steel A.
along with interlath austenite. DF imaging (Fig. 16b) of the

corresponding SAED spot 200 (Fig. 16c) clearly reveals the

finely divided interlath RA. The SAED pattern was recorded on

the [110]g zone axis (Fig. 16c). The presence of relatively lower

fraction of RA as compared to that in Q&P steel A specimen

processed under similar Q&P conditions (Fig. 15b) can clearly

be distinguished from Fig. 16b. Existence of fine h-carbide

precipitation within the martensite laths along with fine

platelets of cementite (q) precipitates in the interlath regions

were also observed, as displayed in Fig. 16d and e. Formation

of interlath cementite is seen clearly in TEM DF image in
ponding selected area electron diffraction pattern of RA and
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Fig. 16 e TEM bright field (a,d,e), dark field (b,f) images and corresponding SAED pattern of RA (c) of Q&P 300�C-1000s treated

steel B.
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Fig. 16f, presumably an effect of lower Si (0.68%) in the steel

compared to that in steel A (1.5 wt.% Si). Despite the precipi-

tation of these carbides, a significant amount of austenite was

still retained at RT, as shown in Fig. 16a and b.

Fig. 17a represents the TEM BF image of the steel C parti-

tioned at 300 �C for 1000 s, depicting copious precipitation of

carbides inmartensitic laths, presumably as a consequence of

low Si (0.25%) in the steel. DF imaging (Fig. 17b) clearly

revealed the carbides located both in inter- and intra-lath

positions. Corresponding SAED pattern recorded on the

[011]q zone axis (Fig. 17c) further revealed the existence of only

the cementite precipitates. Furthermore, the size of the

cementite plates dispersed in temperedmartensite was found

to be relatively large, suggesting that the growth of cementite

occurred unhindered during the partitioning process at 300 �C,
Fig. 17 e TEM bright field (a), dark field (b) images and correspo

treated steel C.
obviously as a consequence of low Si in the steel. Precipitation

of a large fraction of cementite particles was also marked by a

small contraction in dilatation curves in the early stages of

partitioning (Fig. 3c).

Overall, this observation suggests that Si acts as a potential

graphitizer thus enabling austenite stabilization via carbon

partitioning from supersaturated martensite. Si alloying is

very effective in suppressing the formation of cementite,

though it has less effect on transition carbide precipitation. In

earlier studies, it has been concluded that high Si stabilized

ε-carbide [11,20]. In contrast, our study clearly depicts the

formation of h-carbide. Pierce et al. [21] have also reported

formation of h-carbide in a 0.38C-1.54Mne1.48Si steel after

quenching at 225 �C, followed by partitioning at 400 �C. Pres-
ence of high Si in the steel can certainly suppress or delay the
nding SAED pattern of cementite (c) of Q&P 300�C-1000s
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carbide formation, but cannot completely inhibit it during

longer holding at a given partitioning temperature. It is note-

worthy that the carbides were distributed heterogeneously

across the martensite laths and the h-carbide precipitation

occurred mainly within the martensitic laths. This is due to

the fact that the finer the crystal is, the better is the chance for

carbon to escape to the interlath austenite grains before the

occurrence of precipitation. A possible absence of an interlath

untransformed austenite filmmight be another reason, as the

carbon atoms then have no immediately adjacent sinks

available.
4. Conclusions

A systematic study has been conducted regarding the influ-

ence of silicon on the decomposition of austenite during Q&P

treatment in 0.4 wt.% C steels using dilatometry and detailed

microstructural characterization. A Gleeble thermo-

mechanical simulator was used to perform Q&P simulations

while measuring the change in diameter. Three experimental

0.4 C steels with 1.5 wt.%, 0.68 wt.% and 0.25 wt.% silicon were

selected to study the effect of Si. The phase fractions at RT in

the Q&P simulated specimens were estimated using the dila-

tometric and XRD data. Microstructures were characterized

using FEG-SEM, EBSD and TEM analysis.

Following initial quenching to TQ ¼ 150 �C, the partitioning

time of 1000 s was not sufficient to fully stabilize the austenite

in the microstructure in any of the steels at TP ¼ 200 �C or

250 �C. A secondary martensite transformation was observed

regardless of Si content in all the steels. At TP of 300 �C, no
secondary transformation occurred even after 1000 s parti-

tioning in any of the steels. Instead, bainitic transformation

was observed in the steels with Si levels of 0.68 and 0.25 wt.%,

being more significant in the latter. This shows that the pos-

itive effect of Si addition in stabilizing the austenite in these

Q&P steels at this temperature range is through retardation of

its decomposition during partitioning at higher TP than

improving carbon partitioning at lower TP to help stabilizing it

during final cooling to RT.

More carbon is needed to stabilize same amount of

austenite in the steel that contains low silicon. This suggests

that silicon indirectly improves the stability of the austenite.

However, more experiments are needed to verify this

behavior.

h-Carbides were found to be present in Steel A bearing

1.5 wt.% Si after partitioning at 300 �C for 1000 s. Partial

transition from h-carbide to cementite occurred in the case of

steel B with 0.7 wt.% Si, whereas, in steel C bearing 0.25 wt.%

Si, only the formation of cementite was observed after Q&P

treatment under identical conditions. Precipitation of a large

fraction of cementite particles was also marked by a small

contraction in dilatation curves in the early stages of

partitioning.

In the case of low Si steel, retention of ~7e10% of austenite

finely divided between martensitic laths suggests that it is

possible to achieve partitioning of carbon in austenite

(0.61e0.74 %C) at significantly low Q&P temperatures (200 and
250 �C), whereby carbide formation can be largely avoided

despite such low Si content (0.25 Wt.%) in the steel. Besides,

mixtures of tempered and fresh martensite were observed in

the microstructure, thus avoiding significant bainitic trans-

formation, again as a consequence of low temperature parti-

tioning. Further studies with respect to evaluation of

mechanical properties are underway to fully evaluate the

success of this Q&P processing route for low Si steel.
5. Data availability
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