
materials

Article

Effects of Austenitizing Temperature on Tensile and Impact
Properties of a Martensitic Stainless Steel Containing
Metastable Retained Austenite

Biao Deng 1, Dapeng Yang 1, Guodong Wang 1 , Ziyong Hou 2,* and Hongliang Yi 1,*

����������
�������

Citation: Deng, B.; Yang, D.; Wang,

G.; Hou, Z.; Yi, H. Effects of

Austenitizing Temperature on Tensile

and Impact Properties of a

Martensitic Stainless Steel Containing

Metastable Retained Austenite.

Materials 2021, 14, 1000. https://

doi.org/10.3390/ma14041000

Academic Editor: Dario Ripamonti

Received: 22 January 2021

Accepted: 15 February 2021

Published: 20 February 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 The State Key Laboratory of Rolling and Automation, Northeastern University, Shenyang 110819, China;
dengbwel@163.com (B.D.); yangdapeng6@163.com (D.Y.); wanggd@mail.neu.edu.cn (G.W.)

2 Department of Materials Science and Engineering, KTH Royal Institute of Technology,
SE-100 44 Stockholm, Sweden

* Correspondence: ziyong@kth.se (Z.H.); hlyi@ral.neu.edu.cn (H.Y.)

Abstract: Austenitizing temperature is one decisive factor for the mechanical properties of medium
carbon martensitic stainless steels (MCMSSs). In the present work, the effects of austenitizing
temperature (1000, 1020, 1040 and 1060 ◦C) on the microstructure and mechanical properties of
MCMSSs containing metastable retained austenite (RA) were investigated by means of electron
microscopy, X-ray diffraction (XRD), as well as tensile and impact toughness tests. Results suggest
that the microstructure including an area fraction of undissolved M23C6, carbon and chromium
content in matrix, prior austenite grain size (PAGS), fraction and composition of RA in studied
MCMSSs varies with employed austenitizing temperature. By optimizing austenitizing temperature
(1060 ◦C for 40 min) and tempering (250 ◦C for 30 min) heat treatments, the MCMSS demonstrates
excellent mechanical properties with the ultimate tensile strength of 1740 ± 8 MPa, a yield strength of
1237 ± 19 MPa, total elongation (ductility) of 10.3 ± 0.7% and impact toughness of 94.6 ± 8.0 Jcm−2

at room temperature. The increased ductility of alloys is mainly attributed to the RA with a suitable
stability via a transformation-induced plasticity (TRIP) effect, and a matrix containing reduced
carbon and chromium content. However, the impact toughness of MCMSSs largely depends on
M23C6 carbides.

Keywords: austenitizing temperature; martensitic stainless steels; retained austenite; ductility;
impact toughness; carbides

1. Introduction

Medium carbon martensitic stainless steels (MCMSSs) are commonly used for man-
ufacturing components, such as cutlery, dental and surgical instruments, valve trim and
parts, shafts, and plastic molding [1,2], due to a good combination of high strength and
medium corrosion resistance. A typical heat-treatment process for MCMSSs after hot
rolling consists of austenitizing, quenching and tempering [2,3], during which the parame-
ters, e.g., austenitizing temperature and time or the quenching finish temperature, of each
process affect its mechanical properties [2,4]. Among the aforementioned parameters, the
austenitizing temperature plays a decisive role in the initial microstructure, including the
fraction of undissolved Cr-rich carbides and austenite in matrix, which will be inherited
in the final products in the following process [5]. Clearly, the austenitizing temperature
exerts an important influence on the mechanical properties of MCMSSs [1,2,5–8]. Therefore,
understanding the effects of austenitizing temperature is crucial for MCMSS production.

The effects of austenitizing temperature on the microstructure and mechanical prop-
erties of martensitic stainless steels, being an attractive topic within academia and the
industrial community, have been investigated widely, together with the quenching and
tempering (Q-T) process [2,5,6]. Barlow [2] studied the effects of austenitizing temperature
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on the austenite grain size, hardness, retained austenite (RA) volume faction and the car-
bides density of AISI 420 stainless steels systematically. Rajasekhar et al. [6] reported that
the ductility and impact toughness of AISI 431 stainless steels, which were subjected to
double tempering, firstly increased and then decreased with the austenitizing temperature
increasing from 950 to 1150 ◦C. In particular, retained austenite (RA) has been recently
introduced to MCMSSs [9–12], by e.g., quenching and partitioning process (Q&P), aiming
to further increase ductility and toughness simultaneously. Concerning the content of RA,
the martensite starting (Ms) and finishing temperature (Mf), which depend on alloying ele-
ments and austenitizing temperature [13,14], are key parameters to determine the fraction
of RA at room temperature. The tempering temperature also affects the content of RA due
to the partitioning of alloying elements and phase decomposition [15], but this is not the
topic here. Koistinen and Marburger suggested that the content of RA is increased when
the Ms temperature decreases [16]. However, to the authors’ best knowledge, the study of
austenitizing temperature on the microstructure and mechanical properties of MCMSSs
containing metastable RA is rare.

In the present work, the influence of austenitizing temperature has been studied
on the microstructure and mechanical properties of an MCMSS. Here, the austenitizing
temperature is the unique variable parameter to adjust Cr-rich carbides including the
fraction and size in the studied alloy. To reduce the sensibility of the initial fraction
of austenite to quenching temperature, the quenching temperature is designed as an
ambient temperature by a combination of alloy design. By revealing the microstructure
and mechanical properties of MCMSSs along with comparisons to different austenitizing
temperatures from experimental data, the intrinsic link among process-microstructure-
properties has been discussed in detail, aiming to distinguish which is the decisive factor
and how it improves the ductility and impact toughness of the MCMSSs.

2. Experimental Procedure
2.1. Material Preparation

The chemical composition of the studied alloy was Fe-0.23C-2.3Mn-1.5Si-12.5Cr–0.03Ti-
0.05Nb wt.% [12]. The alloy was manufactured as a 50 kg ingot by vacuum induction
furnace. The cast ingot was forged into slabs with dimensions of 300 mm× 60 mm × 30 mm
at 1200 ◦C and air cooled to room temperature. Subsequently, the slabs were homogenized
at 1200 ◦C for 40 min and hot-rolled to 7 mm in thickness, followed by air cooling to room
temperature. Prior to the heat treatment, the hot-rolled plates were subjected to softening
at 700 ◦C for 2 h followed by air cooling. Then, the plates with thickness of 5.5 mm were: a)
austenitized at 1000/1020/1040/1060 ◦C for 40 min, followed by oil quenching to room
temperature; b) tempered for 30 min at 250 ◦C for carbon partitioning followed by air
cooling to room temperature. The samples subjected to a) were named 1000-Q, 1020-Q,
1040-Q and 1060-Q, respectively, and the samples subjected to a) and b) were named
1000-P, 1020-P, 1040-P and 1060-P, respectively. In addition, to limit the variable factors
in microstructure, a comparison sample, which has an identical process to 1060-P, but
directly quenching to liquid N2 (−196 ◦C) other than to room temperature, was designed,
and named sample 1060-NP. Through this, the initial microstructure before quenching in
sample 1060-NP is the same as that in sample 1060-P. Thus, the key microstructure of RA
in terms of both ductility and impact toughness can be discussed and determined.

The austenite transformation starting and finishing (Ac1 and Ac3, respectively) temper-
atures during heating were measured by a dilatometer (Bähr DIL 805A/D, TA Instruments,
Newcastle, DE, USA) using cylindrical dilatometric samples of 10 mm length and 4 mm
diameter under a high purify nitrogen atmosphere, where the heating rate was 10 ◦C/s.
The Ms temperature was measured by same way but with a cooling rate 30 ◦C/s. RA
determinations were carried out on a D/max-2400 X-ray diffractometer (Rigaku, Tokyo,
Japan) (XRD) using Cu radiation. The samples were scanned over a 2θ range from 40◦ to
100◦ with angular steps of 0.04◦ and a scan speed of 2◦ min−1. The volume fraction of RA
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was evaluated from diffraction peaks of α(200), α(211), γ(200), γ(220) and γ(311) following
the equation [17]:

Vγ= 1.4Iγ/(1 .4Iγ+Iα) (1)

where the Vγ is the volume fraction of RA, Iγ is the average integrated intensity of austenite
peaks, and Iα is the average integrated intensity of ferrite peaks. The lattice parameters of
RA were evaluated according to the Nelson-Riley method from the highest γ diffraction
peak (200) [18]. The carbon content in as-quenched and partitioned austenite can be
calculated by [19]

a = 0.3572 + 0.00045 C + 0.00009 Crγ (2)

where a is the austenite lattice parameter, nm, C is carbon content and Crγ is chromium
content in at.% in austenite. The calculated results are converted to mass percentage (wt.%)
for further discussion.

2.2. Microstructural Characterization

The alloying element distribution in samples after polishing was observed using field-
emission electron probe micro analyzer (EPMA, JEOL JXA-8530F, Tokyo, Japan), operating
at 20 kV accelerating voltage. Metallographic samples were etched for 10 s with a solution
of 20 g FeCl3, 25 mL hydrochloric acid and 200 mL distilled water. The microstructure
and impact fracture surface were studied by field-emission scanning electron microscope
(FE-SEM, ULTRA 55, Zeiss, Jena, Germany) operating at 20 kV. The semi-quantification of
chemical composition in the precipitates was performed by energy disperse spectroscopy
(EDS) as equipped in SEM. The backscattered electron (BSE) images are observed directly
from the mechanically polished samples but without etched samples, which can prevent
the carbides shedding or being lost during etching. The area fraction of the undissolved
carbides is measured using the Image J software (Version 1.53e, National Institute of Health,
Bethesda, MD, USA). The average value of the area fraction of carbides was calculated from
ten BSE images. Electron backscatter diffraction (EBSD) (Symmetry, Oxford Instruments,
Oxford, UK) maps were obtained with a scanning step size of 50 nm. Data acquisition and
post-processing were performed using the AZtec software (version 4.3, Oxford Instruments,
Oxford, UK). EBSD sam ples were electro-polished for 20 s with 8% perchloric acid and 92%
ethanol solution at 20 ◦C with a voltage of 18–22 V, after mechanical polishing. Transmission
electron microscopy (TEM) was conducted using a field-emission TEM (FE-TEM, Tecnai G2

F20, FEI, Hillsboro, OR, USA), operated at 200 kV. Thin-foil TEM samples were prepared by
twin-jet-polishing with the same solution of electro-polishing at −20 ◦C after being ground
to 40 µm and punched to a 3-diameter disc.

2.3. Mechanical Properties Measurement

Tensile test samples were cut by electrical-discharge machine (EDM) according to
ASTM standard [20] (gauge length of 50 mm, gauge width of 12.5 mm and gauge thick-
ness of 2 mm). They were obtained from the 1/4 thickness location of the 5.5 mm-thick
sheet. Tensile tests were conducted using the Instron tensile testing machine at a constant
crosshead speed of 2 mm min−1. The average value of the tensile test results was calculated
from three samples for each case. Interrupted tensile tests were conducted to measure the
volume fraction of transformed austenite induced by strain. The Charpy impact energy
was measured on standard Charpy U-notch specimens (5 mm × 10 mm × 55 mm, 2 mm
in notch depth) using the ZBC2452-B pendulum impact testing machine (MTS, Shanghai,
China) at room temperature. The notch was parallel to the rolling direction, and the average
value was obtained based on three samples for each condition.

3. Results
3.1. Phase Diagram

The equilibrium phase diagram and carbon and chromium content in austenite with
the function of temperature, calculated by the Thermo-Calc software (version 2017b, Stock-
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holm, Sweden) with the TCFE9 database [21], are shown in Figure 1. M23C6 (M = Cr, Fe)
and MC (M = Nb, Ti) carbides still exist at Ae3 (798 ◦C), i.e., 0.0346 mole and 0.0018 mole,
respectively, as can be seen in Figure 1a. With the temperature increases to 974 ◦C, the
M23C6 can be completely dissolved while the dissolution of MC is negligible. Thus, the
carbon and chromium content in austenite increase gradually due to the dissolution of
M23C6, as can be seen in Figure 1b. The black dash line in Figure 1b represents the bulk
carbon content in the studied alloy. As the temperature is above 974 ◦C, the carbon in
austenite is approximately 0.22 wt.%, at which no M23C6 exists. From this, the depleted
carbon content caused by MC is determined to be approximately 0.01 wt.%.
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Figure 1. Thermodynamic calculations of (a) the equilibrium phases diagram; (b) the carbon and chromium content in
austenite as a function of temperature, where “M23C6” represents (Cr, Fe)23C6, and “MC” represents (Nb, Ti) C.

The measured Ac1 and Ac3 are 836 and 953 ◦C, respectively, as can be seen in Figure 2a.
This difference between the measured Ac3 and calculated Ae3 may be caused by the heating
rate [22]. With the austenitizing temperature increase from 1000 to 1060 ◦C, Ms decreases
from 194 to 170 ◦C, as can be seen in Figure 2b. The carbon diffusion distance in austenite
caused by auto-tempering during quenching is evaluated to be 2.73 × 10−1 nm, considering
the period from such low Ms to room temperature with a cooling rate of 30 ◦C/s [23,24],
which is less than the lattice parameters of FCC iron [25], and thus it can be ignored, which
indicates that the carbon content of as-quenched martensite and austenite is identical to that
of prior austenite before quenching, where the prior austenite and as-quenched austenite
represent the formed austenite phase during austenitizing and untransformed austenite
during quenching, respectively.
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3.2. As-Quenched and Partitioned Microstructure

From the BSE and corresponding alloying element distribution maps, the carbides, indi-
cated by white arrows in the BSE images, are spherical or elliptic in samples 1000-Q~1060-Q, as
can be seen in Figure 3. With the increasing austenitizing temperature, large Cr-rich carbides
(M23C6) disappear gradually, and no Cr-rich carbides were observed in the 1060-Q sample. How-
ever, small Ti or Nb-rich carbides (MC) are quite stable in all samples, as can be seen in Figure 3.
These findings are consistent with the equilibrium calculation, as can be seen in Figure 1a.
Therefore, according to the alloying elements distribution maps, together with Ms calculation
Equation [11]: Ms = 539− 423C− 30.4Mn− 12.1Cr− 17.7Ni− 7.5Mo+ 10Co− 7.5Si (wt.%),
the reduction of solute chromium and carbon in prior austenite is the main reason for the
increase in Ms in the 1000-Q sample, i.e., 24 ◦C, as can be seen in Figure 2b.
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The microstructures of 1000-P–1060-P are mainly lath martensite with distributed
secondary carbides, as can be seen in Figure 4a–d. As can be seen in Figure 4, spherical or
elliptic submicron-sized carbides are mainly located at the prior austenite grain boundary
(PAGB) and a few are in the matrix—nano-sized spherical carbides are found in all samples.
These carbides are identified as M23C6 and MC by combination of SAED and EDS (due to
alloying elements difference), as can be seen in Figure S1 in the Supplementary Materials.
As the austenitizing temperature increases, the content of M23C6 decreases, and it is rare to
observe M23C6 at 1060 ◦C, which is consistent with Figure 1a. Considering the very low
diffusivity of substitutional atoms at 250 ◦C, the aforementioned two types of carbides will
not growth or shrink significantly during partitioning. It should be noted that the RA is
very difficult to distinguish from other features due to its very fine size and weak contrast
in SEM, and thus a detailed analysis will be given late by EBSD.
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represent the M23C6 carbides, MC carbides and the prior austenite grain boundary (PAGB), respectively).

The depicted PAGBs of 1000-P~1060-P are shown in Figure 5. To analyse the prior
austenite grain sizes (PAGSs), a mean linear intercept method is applied. With the austeni-
tizing temperature increasing from 1000 to 1060 ◦C, the PAGS of the samples 1000-P, 1020-P,
1040-P, 1060-P are 11.4 ± 1.3 µm, 12.9 ± 0.6 µm, 15.4 ± 0.7 µm and 18.4 ± 3.8 µm, respec-
tively. The PAGS increases with increasing austenitizing temperature, which is mainly
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related to its high activation energy and weak pinning effect of secondary carbides at
elevated temperature [26]. Furthermore, the grain growth in the present alloys is signifi-
cantly restrained due to the undissolved M23C6 and MC, as compared with the PAGS in
references [6,26].
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With increasing austenitizing temperature, the volume fraction of RA in as-quenched
and partitioned samples increases gradually, as can be seen in Figure 6a, which is the
result of high carbon and chromium content in the matrix caused by a gradual dissolution
of M23C6. The RA in 1060-NP is much lower than that in 1060-P, which is related to the
stability of austenite varying with temperature [27]. Relative to as-quenched samples, the
increased RA content in 1040-P and 1060-P may be attributed to carbon atoms segregating
at the martensite-austenite boundary (austenite reversion) during partitioning [28]. The
equilibrium Cr: C ratio (at.%) in M23C6 is approximately 49: 20 at the temperature range
of 1000~1040 ◦C [21], as can be seen in Figure S2 in the Supplementary Materials, and the
depleted carbon by MC is approximately 0.05 at.% (0.01 wt.%) at the present temperature
range, as can be seen in Figure 1. As a result, the depleted chromium and carbon in the
alloy should obey the following equation:

CrA− Crγ = 49(C A − 0.05 − Cγ)/20 (3)

where CrA is the chromium content (13 at.%) in the bulk alloy, Crγ is chromium content
in prior austenite, CA is carbon content (1.04 at.%) in the bulk alloy, Cγ is the carbon
content in prior austenite, ‘CrA− Crγ’ and ‘CA − 0.05 − Cγ’ represent the chromium and
carbon contents (at.%) depleted by M23C6, respectively. Assuming no significant auto-
tempering occurs, the chemical composition of the as-quenched martensite and austenite
will inherit from prior austenite. Therefore, the chromium and carbon contents in as-
quenched martensite as well as austenite can be calculated after combining Equations (2)
and (3). The carbon content in as-quenched martensite as well as austenite increases with
increasing austenitizing temperature, as can be seen in Figure 6b. During partitioning at
250 ◦C, the movement of substitutional atoms (i.e., chromium, manganese) can be neglected,
according to the “constrained carbon equilibrium” (CCE) model [29,30]. The calculated
carbon content in the RA of partitioned samples is 0.66 ± 0.08, 0.79 ± 0.06, 0.92 ± 0.06 and
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0.85 ± 0.1 (wt.%) in 1000-P, 1020-P, 1040-P and 1060-P, respectively. As previously noted,
the RA in 1060-NP is close to that in 1000-P, by which the influence of carbides could be
determined. Meanwhile, the higher RA carbon content in 1060-NP may be attributed to
the lower volume fraction of RA and austenite reversion at carbon-rich boundaries [28].

Materials 2021, 14, 1000 8 of 20 
 

 

1000~1040 °C [21], as can be seen in Figure S2 in the Supplementary Materials, and the 
depleted carbon by MC is approximately 0.05 at.% (0.01 wt.%) at the present temperature 
range, as can be seen in Figure 1. As a result, the depleted chromium and carbon in the 
alloy should obey the following equation: 

CrA- Crγ =  49(CA - 0.05 -  Cγ)/20 (3)

where CrA is the chromium content (13 at.%) in the bulk alloy, Crγ is chromium content in 
prior austenite, CA is carbon content (1.04 at.%) in the bulk alloy, Cγ is the carbon content 
in prior austenite, ‘CrA-  Crγ’ and ‘CA - 0.05 - Cγ’ represent the chromium and carbon con-
tents (at.%) depleted by M23C6, respectively. Assuming no significant auto-tempering oc-
curs, the chemical composition of the as-quenched martensite and austenite will inherit 
from prior austenite. Therefore, the chromium and carbon contents in as-quenched mar-
tensite as well as austenite can be calculated after combining Equations (2) and (3). The 
carbon content in as-quenched martensite as well as austenite increases with increasing 
austenitizing temperature, as can be seen in Figure 6b. During partitioning at 250 °C, the 
movement of substitutional atoms (i.e., chromium, manganese) can be neglected, accord-
ing to the “constrained carbon equilibrium” (CCE) model [29,30]. The calculated carbon 
content in the RA of partitioned samples is 0.66 ± 0.08, 0.79 ± 0.06, 0.92 ± 0.06 and 0.85 ± 
0.1 (wt.%) in 1000-P, 1020-P, 1040-P and 1060-P, respectively. As previously noted, the RA 
in 1060-NP is close to that in 1000-P, by which the influence of carbides could be deter-
mined. Meanwhile, the higher RA carbon content in 1060-NP may be attributed to the 
lower volume fraction of RA and austenite reversion at carbon-rich boundaries [28]. 

  
Figure 6. (a) Retained austenite content and (b) the carbon content in the retained austenite of as-quenched and partitioned sam-
ples. 

In addition to the typical low temperature martensitic microstructure, blocky submi-
cron-sized RA is also observed at various boundaries, but no clear conclusion can be 
drawn on the distribution of RA in all the partitioned samples, see Figure 7a–d. The 
amount as well as the size of blocky RA increases with increasing austenitizing tempera-
ture, as can be seen in Figure 7e. Typical lath martensite with high density dislocation is 
mainly microstructural in all the partitioned samples, as can be seen in Figure 8, which 
are consistent with the SEM and EBSD observations. Furthermore, intra lath RA, tens of 
nanometers in width, which cannot be detected in SEM-EBSD due to the limitation of the 
beam interaction volume in SEM, was also found in all the partitioned samples, as can be 
seen in Figure 8. Noticeably, no obvious large ε-carbides and cementite were found in any 
of the samples even though careful searching was applied to the whole region under TEM 
field of view. 

Figure 6. (a) Retained austenite content and (b) the carbon content in the retained austenite of as-quenched and parti-
tioned samples.

In addition to the typical low temperature martensitic microstructure, blocky submicron-
sized RA is also observed at various boundaries, but no clear conclusion can be drawn on
the distribution of RA in all the partitioned samples, see Figure 7a–d. The amount as well as
the size of blocky RA increases with increasing austenitizing temperature, as can be seen in
Figure 7e. Typical lath martensite with high density dislocation is mainly microstructural in
all the partitioned samples, as can be seen in Figure 8, which are consistent with the SEM
and EBSD observations. Furthermore, intra lath RA, tens of nanometers in width, which
cannot be detected in SEM-EBSD due to the limitation of the beam interaction volume in
SEM, was also found in all the partitioned samples, as can be seen in Figure 8. Noticeably,
no obvious large ε-carbides and cementite were found in any of the samples even though
careful searching was applied to the whole region under TEM field of view.

To quantitatively analyze the microstructural variations compared to the austenitizing
temperature, the volume fraction and carbon content of RA, the area fraction of M23C6
as well as the chromium and carbon content in the matrix are listed in Table 1, where the
microstructure variations in 1060-NP and 1060-P caused by the quenching temperature are
listed as well. The area fraction of M23C6 in 1000-P~1040-P can be estimated by subtracting
the area of MC in 1060-P from the total area fraction of carbides. It is assumed that except
for part of the carbon partitioning to austenite, the retained carbon atoms are solid solution
in martensite [29]. Therefore, the average carbon content in tempered martensite can be
estimated by

CTα = (Cγ − CPγ × VPγ /100)/(1 − V Pγ /100) (4)

where CTα and CPγ represent the carbon content in tempered martensite and partitioned
austenite, respectively, where the partitioned austenite represents the untransformed
austenite during partitioning and secondary cooling. VPγ represents the volume fraction
of RA in the partitioned samples.
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Table 1. Volume fraction of RA, elements (C, Cr) content and the area fraction of M23C6.

Samples VPγ (%) CPγ (wt.%) CTα (wt.%) Crγ (wt.%) AM23C6 (%)

1000-P 3.4 ± 0.6 0.66 ± 0.08 0.11 ± 0.02 11.6 ± 0.2 0.57 ± 0.11
1020-P 6.8 ± 2.3 0.79 ± 0.06 0.12 ± 0.01 11.9 ± 0.3 0.29 ± 0.08
1040-P 10.3 ± 0.7 0.92 ± 0.06 0.13 ± 0.02 12.4 ± 0.1 0.09 ± 0.05
1060-P 10.8 ± 0.5 0.85 ± 0.1 0.14 ± 0.01 12.5 0

1060-NP 3.2 ± 0.4 1.16 ± 0.12 0.18 ± 0.02 12.5 0
The terms of VPγ, CPγ, CTα, Crγ and AM23C6 stand for the RA volume fraction in the partitioned samples, carbon
content in the partitioned austenite, the carbon content in tempered martensite, the chromium content in prior
austenite and the area fraction of M23C6 carbides, respectively.
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3.3. Mechanical Properties

The engineering stress-strain curves and impact toughness of the partitioned samples
are shown in Figure 9. The 0.2% offset strain load is defined as yield strength (YS). The YS
varies from 1237 ± 19 to 1290 ± 18 MPa as the austenitizing temperature increases from
1000 to 1060 ◦C, and 1000-P has the highest YS, as can be seen in Table 2. In view of M23C6
carbides being submicron-sized in the three samples, the contribution of precipitation
strengthening on YS is very weak, less than 5 MPa, and could thus be ignored [31,32].
Hence, the highest YS of 1000-P is mainly due to the finest grain and lowest fraction of the
soft phase RA among all the partitioned samples [33–35]. With increasing austenitizing tem-
perature, the ultimate tensile strength (UTS) of samples 1000-P~1060-P increases gradually,
while the uniform elongation (UE) and total elongation (TE) increase first and then decrease
(Table 2). However, the impact toughness increases from 53.3 ± 10.2 to 94.6 ± 8.0 Jcm−2

continuously with increasing austenitizing temperature, as shown in Figure 9b and Table 2.
To clarify the difference caused by the austenitizing temperature, the deceiving factors on
ductility and impact toughness will be further discussed in the late section.
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Table 2. The results of the tensile and impact tests.

Samples YS (MPa) UTS (MPa) UE (%) TE (%) IT (Jcm−2)

1000-P 1292 ± 18 1677 ± 2 5.7 ± 0.4 8.6 ± 0.6 53.3 ± 10.2
1020-P 1250 ± 28 1682 ± 4 6.4 ± 0.4 10.2 ± 0.2 68.2 ± 6.3
1040-P 1258 ± 25 1739 ± 40 7.0 ± 0.6 11.5 ± 0.7 77.2 ± 5.3
1060-P 1237 ± 19 1740 ± 8 6.7 ± 0.3 10.3 ± 0.7 94.6 ± 8.0

1060-NP 1501 ± 34 1820 ± 12 5.7 ± 0.1 7.1 ± 0.3 87.4 ± 6.2
YS, UTS, UE, TE and IT stand for yield strength, ultimate tensile strength, uniform elongation, total elongation
and impact toughness, respectively.

4. Discussion.
4.1. Microstructure Evolution during Quenching and Partitioning

The schematic of the microstructure evolution during quenching and partitioning is
shown in Figure 10, aiming to elucidate the microstructure evolution during the whole pro-
cess of MCMSSs. Clearly, with the austenitizing temperature increases, the microstructure
changes significantly, see Figure 10a–f. At low austenitizing temperature (e.g., 1000 ◦C),
M23C6 as well as MC cannot be completely dissolved, by which part of the carbon and
chromium is depleted in prior austenite, as shown in Figure 10a. Then, the M23C6 and
MC will be inherited from prior austenite to the as-quenched microstructure, i.e., fresh
martensite and RA, as shown in Figure 10b. During partitioning, carbon atoms diffuse
from supersaturated martensite to RA, leading to a carbon increase in RA but decreases in
martensite, as shown in Figure 10c as well as Figure 6b. As the austenitizing temperature
increases, the M23C6 is gradually dissolved and then completely disappears, leading to an
increasing carbon and chromium content in the prior austenite, as shown in Figure 10d.
Meanwhile, PAGS increases slightly due to the reduced pinning effects of secondary car-
bides. Compared with the microstructure at lower austenitizing temperature, the volume
fraction of RA increases after quenching, which is due to the carbon and chromium content
remains in prior austenite, as shown in Figure 10b,e, and the available carbon content for
partitioning increases, as shown in Figure 10b,d–f.
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When it comes to the carbon content in RA after partitioning, the average carbon diffusion
distance x in austenite is estimated using the simplified Equations (5) and (6) [23,24]:

x2 = 6Dt (5)

D = D0exp(− Q
RT

) (6)

where D is the carbon diffusion coefficient in FCC iron, t is the diffusion time in seconds,
D0 is a constant factor (here, D0 = 1.5 × 10−5 m2 s−1) [24], Q is the activation energy for
carbon diffusion (Qγ = 1.421 × 105 J mol−1) [24], T is the absolute temperature in Kelvin
and R is the gas constant (8.314J mol−1 K−1). The calculated carbon diffusion distance after
partitioning at 250 ◦C (523 K) for 30 min is 32.2 nm, which is smaller than the half width (or
radius) of submicron-size blocky RA. This indicates that the distribution of carbon in the
submicron-sized blocky RA is not homogeneous, i.e., the carbon partitioning is insufficient.
It is also noteworthy that the size of RA in 1040-P is smaller than that in 1060-P, as shown in
Figure 7. The carbon atoms diffusion is faster in the fine RA grains than that in the coarse
ones [25,36], which may be the reason for a slightly higher carbon content of RA in 1040-P
than in 1060-P. However, the carbon content of RA in 1000-P and 1020-P are relatively lower
than that in 1040-P, which is mainly due to the decreasing amount of available carbon for
partitioning in as-quenched martensite.

4.2. Effects of Microstructure on Ductility and Impact Toughness

In general, the effective grain size (i.e., packet, block or sub-block width) in martensite
decreases with the decreasing PAGS [37,38]. The grain refinement within a certain range is
always followed by both improving the toughness and ductility of steels [39,40]. However,
this is conflicted with the present findings, as shown in Figure 5 and Table 2. Thus, the
microstructure features (chemical composition in the matrix, RA, morphology and size
of carbides) other than grain size play a dominant role in improving the toughness and
ductility of the present alloys.

4.2.1. Effect of Microstructure on Ductility

The ductility is represented by UE as well as TE during the tensile test in the present
case. When comes close to 1000-P and 1060-NP, the UE of 1000-P and 1060-NP is close to
each other while their TE is different, that is, the TE of 1000-P is much higher than that
of 1060-NP, as shown in Table 2 and Figure 11a. It is also worth noting that the ductility
difference caused by the RA in 1000-P and 1060-NP is very small due to its very low
fraction, as shown in Table 2, even though their mechanical stability may be different due
to their chemical compositions [41].
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Considering their large size, the contribution of M23C6 carbides to work hardening
caused by inhibiting the dislocation motion can be ignored [31,32]. Thus, the role of M23C6
carbides in improving UE is insignificant as well. At the uniform deformation stage, the
deformation occurs preferentially at the area where lower flow stress is needed and the
local stress concentration at M23C6 carbides increases slowly. As a result, it is difficult
for a void nucleate nearby M23C6 carbides [42], which is consistent with the obtained
UE in 1000-P and 1060-NP. Thereafter, at the necking instability stage, the local stress
concentration increases quickly at the M23C6/matrix interface, and naturally, TE will be
deteriorated by the appearance of M23C6 carbides in 1000-P if no other feature is involved.
However, the present finding is as shown in Table 2 and Figure 11a is the opposite with the
aforementioned discussion.

It is reported that UE tends to increase with increasing carbon content, which has been
explained by high carbon content, which leads to a high degree of work hardening rate [43].
The carbon/chromium content (CTα = 0.18, Crγ = 12.5 wt.%) of the matrix in 1060-NP
is much higher than that (CTα = 0.11, Crγ = 11.6 wt.%) in 1000-P, as shown in Table 2.
Furthermore, the work hardening rate of 1060-NP is slightly higher than that of 1000-P at
the initial stage (below 0.02), and then is similar to that of 1000-P, as shown in Figure 11b.
This indicates that the effects of carbon/chromium content improving UE, especially at
the later stage, are also insignificant in this study. The higher the work hardening rate
is, the higher the flow stress is [43], and then critical triaxial stresses for void nucleation
can be achieved by a small necking deformation [43,44]. Furthermore, when the necking
instability occurs, the flow stress of 1060-NP is much higher than that of 1000-P, as shown in
Figure 11c, resulting in a small deformation until fracture occurs, which has been observed
in 4330, 4340, and 4350 steels as well [43]. Thus, the decreased matrix carbon/chromium
content can improve ductility by increasing the necking strain needed for void nucleation.

In addition, the RA plays an important role in improving UE and TE in stainless steels
due to transformation-induced plasticity (TRIP) effects [10,11,28]. The variations between
1060-NP and 1060-P are shown in Table 1. According to the previous discussion, the
difference in UE caused by the matrix carbon/chromium content can be ignored. The UTS
of 1060-NP is higher than that of 1060-P, but the UE and TE are much lower, see Figure 12a
and Table 2. When the volume fraction of RA increases from 3.2 ± 0.4% to 10.8 ± 0.5%,
the UE and TE of 1060-P increase by 1.0 ± 0.1% and 3.2 ± 0.3%, respectively. In detail,
(a) during the uniform deformation stage, the transformed RA in 1060-NP and 1060-P is
1.5 ± 0.2% and 7.5 ± 0.6%, respectively, see Figure 12b; (b) during necking deformation,
the transformed austenite is 0.5 ± 0.2% and 2.3 ± 0.3%, respectively. The volume fraction
of RA decreases with increasing in strain ε, as described [17]:

ln Vγ− ln Vγ0= −kε (7)
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where Vγ0 is the volume fraction of RA before deformation, k is a constant. A lower k value
represents higher mechanical stability of RA. The calculated k value of 1060-NP and 1060-P
is 14.5 and 24.3, respectively, which are in the ranges of reported values [41]. This indicates
that the mechanical stability of RA in 1060-NP is much higher than that in 1060-P. It should
be also noted that the volume fraction of RA in 1060-NP is too low to provide a sound TRIP
effect during deformation, and then result in a lower ductility than that of 1060-P.
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Furthermore, the ductility of 1040-P is higher than that of 1060-P, even though a
relative low fraction of RA was obtained, as can be seen in Table 2. When the engineering
strain is 7.9%, the transformed austenite content is 7.1 ± 0.4% in 1040-P, which is slightly
lower than that in 1060-P, see Figure 12b. As can be seen, the k value of 1040-P is 20, which
indicates that the mechanical stability of RA in 1040-P is higher than that of 1060-P. The
high mechanical stability of RA in 1040-P is mainly attributed to its higher carbon content
and finer grain size, as can be seen in Figures 6b and 7e. These results indicate that the
higher mechanical stability of RA is another dominant reason for improving ductility.

4.2.2. Effect of Microstructure on Impact Toughness

According to the relationship between the volume fraction of RA and impact tough-
ness of all partitioned samples, as given in Figure 13, the increasing impact toughness does
not follow a linear relationship with the volume fraction of RA. Compared with that of
1060-NP, the impact toughness of 1020-P and 1040-P decreases when the volume fraction of
RA increases. This indicates that the impact toughness does not only depend on the volume
fraction of RA. Concerning on the mechanical stability of RA, the volume fraction of RA
in 1040-P is comparable with that of 1060-P, but the mechanical stability of RA is higher.
Accordingly, the impact toughness of 1040-P and 1060-P is expected to be comparable, but
this is not the case, as can be seen in Figure 13. This suggested that RA does not play a
decisive role in impact toughness. However, the RA on improving impact toughness has
been extensively studied in low alloy steels [45–47], which attribute its improvement to its
crack-arrest and stress-relief effect. Gao [46] suggested that low stable blocky RA could
promote the formation of a second crack due to the increased incompatibility between
hard fresh martensite and the surrounding matrix during deformation, but the film-like RA
with higher stability can hinder the crack propagation more efficiently. The TRIP effects of
RA on impact toughness include 1) the energy dissipation via strain-induced martensite
transformation and 2) the energy reduction for crack propagation caused by fresh marten-
site [48]. The TRIP effects can be beneficial on improving impact toughness only when
the energy dissipation is higher than the energy reduction. In the present case, the energy



Materials 2021, 14, 1000 15 of 19

dissipation by submicron-sized blocky RA may not overcome the energy reduction during
the impact test.
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For the impact toughness test, the fracture model depends on the flow stress of
martensite. When the flow stress is low, a large amount of plastic deformation is required
before fracture, i.e., ductile fracture. When the flow stress is higher than the fracture stress,
the brittle fracture may occur [49]. The carbon depletion in martensite can reduce flow stress
by two mechanisms. One is that the lattice distortion caused by supersaturated carbon
atoms decreases [50], and the other is the interaction of dislocation and carbon atoms by
impeding screw dislocations from cross slipping and multiplying becomes weak [49,51]. In
general, the increase in carbon/chromium content in matrix reduces the impact toughness
by increasing flow stress. Surprisingly, the results are opposite, as can be seen in Figure 14a,
which indicates that the impact toughness should be determined by the other factors.
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The fine precipitates, e.g., (Nb, Ti, V)C carbides, can improve toughness by pinning
austenite grain boundaries to limit grain growth [52], but the large precipitates, e.g.,
TiN (>0.5 µm), will promote crack initiation and propagation [53]. The submicron-size
M23C6 carbides are mainly located at the grain boundary, as can be seen in Figure 5,
which can easily reduce the interface cohesion and cause crack nucleation. The impact
fracture morphologies of 1000-P, 1020-P and 1040-P, as can be seen in Figure 15a–c, and
the corresponding dispersed energy of undissolved M23C6 carbides, as can be seen in
Figure 15d–f, indicate that the coarse M23C6 carbides are the sites for crack nucleation. The
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impact toughness increases markedly with the decreasing area fraction of M23C6, as can
be seen in Figure 14b, which further indicates that the undissolved M23C6 carbides play a
decisive role on impact toughness.
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4.3. The Different Microstructure Effect on Tensile and Impact Tests

The sensitivity of impact toughness in carbides is much higher than that of tensile
properties [54,55]. In the present work, the M23C6 carbides have a big deterioration effect
on the impact toughness, but a weak effect on tensile properties. At the same time, the
metastable RA has a strong effect on the ductility, but the roles of RA (volume fraction and
stability) on toughness are slight. The differences in deformation mechanism between the
impact and tensile tests could explain the above experimental findings.

The main difference between the impact toughness test and the tensile test contains
two sides. One is the deformation velocity of the different tests. The velocity of a quasi-static
tensile test is 3.3 × 10−5 m s−1, while that of an impact test is 5.2 m s−1 in this study. It is
reported that the flow-stress can be significantly increased by increasing the strain rate [56],
and a higher strain-rate leads to a higher resistance to glide of screw dislocation [57]. The
other one is the dimension of samples. The deformation area of tensile samples is uniform
and smooth, but that of impact samples is notched. The deformation of tensile includes a
uniform and necking stage, and the sharply increased stress concentration only occurs at
the necking stage. However, the impact deformation is local, and the stress concentration
ahead of the tip always increases quickly. Thus, during the impact test, the quick increased
stress concentration at the heterogeneous phase (i.e., fresh martensite and undissolved
carbides), caused by high flow stress, may cause the crack nucleation even at a very small
strain stage. The TRIP effect is not so effective at such a type test. Inversely, during the
tensile test, the flow stress increases slowly, and the stress concentration can be relieved
effectively by TRIP effects or uniform deformation [58].

5. Conclusions

The effects of austenitizing temperature tempering on the microstructure of MCMSSs
have been systematically studied and discussed in terms of tensile and impact properties,
and the following conclusions are drawn:
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1. Typical martensitic microstructure together with blocky RA and distributed carbides
are observed in all partitioned alloys. The undissolved M23C6 carbides are spherical
or elliptic with a submicron size, and mostly located at the prior austenite grain
boundary. The prior austenite grain size (PAGS) increases slowly with increasing
austenitizing temperature, and the grain growth can be restrained by the pinning
effects of fine MC carbides. In addition, the elements (C, Cr) in the matrix content and
volume fraction of RA increase with the gradual dissolution of M23C6.

2. With the increasing austenitizing temperature from 1000 to 1060 ◦C, the ductility
increases first and then decreases, but the impact toughness keeps increasing sig-
nificantly. By optimizing austenitizing temperature (1060 ◦C for 40 min) and tem-
pering (250 ◦C for 30 min) heat treatments, the MCMSSs demonstrate excellent
mechanical properties with the ultimate tensile strength of 1740 ± 8 MPa, a yield
strength of 1237 ± 19 MPa, total elongation of 10.3 ± 0.7 % and impact toughness of
94.6 ± 8.0 Jcm−2 at room temperature.

3. The improving ductility is attributed to a synergic cooperation between the volume
fraction and mechanical stability of RA. The depleted carbon and chromium content in
the matrix also contribute to ductility by increasing the necking deformation needed
for void nucleation. However, the undissolved M23C6 carbides decrease the impact
toughness dramatically by acting as a crack initiator.
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Mole fraction of the alloy elements in M23C6.

Author Contributions: Writing—original draft preparation and review, B.D.; Results discussion,
writing—review and editing, D.Y.; Funding acquisition, project administration, G.W.; Supervision,
discussion, writing—review and editing, Z.H.; Funding acquisition, supervision, project administra-
tion, discussion, writing—review and editing, H.Y. All authors have read and agreed to the published
version of the manuscript.

Funding: The research was financially supported by the National Natural Science Foundation
of China (Grant No. 51722402), as well as by the Fundamental Research Funds for the Central
Universities (Grant No. N2007012), the 111 Project (Grant No. B16009) and the Liaoning Revitalization
Talents Program (No. XLYC1907128).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request. Source data are provided with this paper.

Acknowledgments: Z.H. acknowledge the financial support from Jernkontoret (The Swedish Steel
Producers’ Association), Stiftelsen Axel Ax:son Johnsons forskningsfond and Prytziska fonden nr 2.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Isfahany, A.N.; Saghafian, H.; Borhani, G. The effect of heat treatment on mechanical properties and corrosion behavior of AISI420

martensitic stainless steel. J. Alloy. Compd. 2011, 509, 3931–3936. [CrossRef]
2. Barlow, L.D.; Du Toit, M. Effect of Austenitizing Heat Treatment on the Microstructure and Hardness of Martensitic Stainless

Steel AISI 420. J. Mater. Eng. Perform. 2012, 21, 1327–1336. [CrossRef]
3. Choi, Y.-S.; Kim, J.-G.; Park, Y.-S.; Park, J.-Y. Austenitizing treatment influence on the electrochemical corrosion behavior of

0.3C–14Cr–3Mo martensitic stainless steel. Mater. Lett. 2007, 61, 244–247. [CrossRef]
4. Prieto, G.; Ipiña, J.P.; Tuckart, W. Cryogenic treatments on AISI 420 stainless steel: Microstructure and mechanical properties.

Mater. Sci. Eng. A 2014, 605, 236–243. [CrossRef]
5. Lu, S.-Y.; Yao, K.-F.; Chen, Y.-B.; Wang, M.-H.; Shao, Y.; Ge, X.-Y. Effects of austenitizing temperature on the microstructure and

electrochemical behavior of a martensitic stainless steel. J. Appl. Electrochem. 2015, 45, 375–383. [CrossRef]

https://www.mdpi.com/1996-1944/14/4/1000/s1
https://www.mdpi.com/1996-1944/14/4/1000/s1
http://doi.org/10.1016/j.jallcom.2010.12.174
http://doi.org/10.1007/s11665-011-0043-9
http://doi.org/10.1016/j.matlet.2006.04.041
http://doi.org/10.1016/j.msea.2014.03.059
http://doi.org/10.1007/s10800-015-0796-1


Materials 2021, 14, 1000 18 of 19

6. Rajasekhar, A.; Reddy, G.M.; Mohandas, T.; Murti, V. Influence of austenitizing temperature on microstructure and mechanical
properties of AISI 431 martensitic stainless steel electron beam welds. Mater. Des. 2009, 30, 1612–1624. [CrossRef]

7. Landon, P.R.; Caligiuri, R.D.; Duletsky, P.S. The influence of the M23 (C,N)6 compound on the mechanical properties of type 422
stainless steel. Met. Mater. Trans. A 1983, 14, 1395–1408. [CrossRef]

8. Huang, Q.; Volkova, O.; Biermann, H.; Mola, J. Dilatometry Analysis of Dissolution of Cr-Rich Carbides in Martensitic Stainless
Steels. Met. Mater. Trans. A 2017, 48, 5771–5777. [CrossRef]

9. Tobata, J.; Ngo-Huynh, K.-L.; Nakada, N.; Tsuchiyama, T.; Takaki, S. Role of Silicon in Quenching and Partitioning Treatment of
Low-carbon Martensitic Stainless Steel. ISIJ Int. 2012, 52, 1377–1382. [CrossRef]

10. Tsuchiyama, T.; Tobata, J.; Tao, T.; Nakada, N.; Takaki, S. Quenching and partitioning treatment of a low-carbon martensitic
stainless steel. Mater. Sci. Eng. A 2012, 532, 585–592. [CrossRef]

11. Mola, J.; De Cooman, B.C. Quenching and Partitioning (Q&P) Processing of Martensitic Stainless Steels. Met. Mater. Trans. A 2013,
44, 946–967. [CrossRef]

12. Deng, B.; Hou, Z.Y.; Wang, G.D.; Yi, H.L. Toughness improvement in a novel martensitic stainless steel achieved by quenching-
tempering and partitioning. Metall. Mater. Trans. A 2021. under review.

13. Capdevila, C.; Caballero, F.; De Andrés, C.G. Analysis of effect of alloying elements on martensite start temperature of steels.
Mater. Sci. Technol. 2003, 19, 581–586. [CrossRef]

14. Yang, H.-S.; Bhadeshia, H. Austenite grain size and the martensite-start temperature. Scr. Mater. 2009, 60, 493–495. [CrossRef]
15. Hidalgo, J.; Findley, K.; Santofimia, M. Thermal and mechanical stability of retained austenite surrounded by martensite with

different degrees of tempering. Mater. Sci. Eng. A 2017, 690, 337–347. [CrossRef]
16. Koistinen, D.; Marburger, R. A general equation prescribing the extent of the austenite-martensite transformation in pure

iron-carbon alloys and plain carbon steels. Acta Met. 1959, 7, 59–60. [CrossRef]
17. Sugimoto, K.-I.; Usui, N.; Kobayashi, M.; Hashimoto, S.-I. Effects of Volume Fraction and Stability of Retained Austenite on

Ductility of TRIP-aided Dual-phase Steels. ISIJ Int. 1992, 32, 1311–1318. [CrossRef]
18. Atkins, E. Elements of X-ray Diffraction. Phys. Bull. 1978, 29, 572. [CrossRef]
19. Minemura, T.; Inoue, A.; Masumoto, T. Metastable Austenite Phase in Rapidly Quenched Fe-Cr-C Alloys. Trans. Iron Steel Inst.

Jpn. 1981, 21, 649–655. [CrossRef]
20. Alan, T. Compilation of ASTM Standard Definitions, 7th ed.; American Society for Testing and Materials: Philadelphia, PA, USA,

1992; p. 351.
21. Sundman, B.; Jansson, B.; Andersson, J.-O. The Thermo-Calc databank system. Calphad 1985, 9, 153–190. [CrossRef]
22. Wang, Z.; Zu, X.; Huo, Y. Effect of heating/cooling rate on the transformation temperatures in TiNiCu shape memory alloys.

Thermochim. Acta 2005, 436, 153–155. [CrossRef]
23. Kelton, K.F.; Greer, A.L.; Thompson, C.V. Transient nucleation in condensed systems. J. Chem. Phys. 1983, 79, 6261–6276.

[CrossRef]
24. Mecozzi, M.G.; Eiken, J.; Santofimia, M.J.; Sietsma, J. Phase field modelling of microstructural evolution during the quenching

and partitioning treatment in low-alloy steels. Comput. Mater. Sci. 2016, 112, 245–256. [CrossRef]
25. Scott, C.; Drillet, J. A study of the carbon distribution in retained austenite. Scr. Mater. 2007, 56, 489–492. [CrossRef]
26. Kim, H.D.; Kim, I.S. Effect of Austenitizing Temperature on Microstructure and Mechanical Properties of 12% Cr Steel. ISIJ Int.

1994, 34, 198–204. [CrossRef]
27. Nakada, N.; Ishibashi, Y.; Tsuchiyama, T.; Takaki, S. Self-stabilization of untransformed austenite by hydrostatic pressure via

martensitic transformation. Acta Mater. 2016, 110, 95–102. [CrossRef]
28. Yuan, L.; Ponge, D.; Wittig, J.E.; Choi, P.; Jiménez, J.A.; Raabe, D. Nanoscale austenite reversion through partitioning, segregation

and kinetic freezing: Example of a ductile 2GPa Fe–Cr–C steel. Acta Mater. 2012, 60, 2790–2804. [CrossRef]
29. Speer, J.; Matlock, D.; De Cooman, B.; Schroth, J. Carbon partitioning into austenite after martensite transformation. Acta Mater.

2003, 51, 2611–2622. [CrossRef]
30. Speer, J.; Matlock, D.; DeCooman, B.; Schroth, J. Comments on “On the definitions of paraequilibrium and orthoequilibrium” by

M. Hillert and J.; Ågren, Scripta Materialia, 50, 697–699 (2004). Scr. Mater. 2005, 52, 83–85. [CrossRef]
31. Hou, Z.Y.; Wu, D.; Zheng, S.X.; Yang, X.L.; Li, Z.; Xu, Y.B. Effect of Holding Temperature on Microstructure and Mechanical

Properties of High-Strength Multiphase Steel. Steel Res. Int. 2016, 87, 1203–1212. [CrossRef]
32. Misra, R.; Weatherly, G.; Hartmann, J.; Boucek, A. Ultrahigh strength hot rolled microalloyed steels: Microstructural aspects of

development. Mater. Sci. Technol. 2001, 17, 1119–1129. [CrossRef]
33. Hall, E. The Deformation and Ageing of Mild Steel: II Characteristics of the L ders Deformation. In Proceedings of the Physical

Society. Section B; IOP Publishing: London, UK, 1951; Volume 64, pp. 742–747.
34. Hillert, M. Nuclear composition—A factor of interest in nucleation. Acta Met. 1953, 1, 764–766. [CrossRef]
35. Seo, E.J.; Cho, L.; Estrin, Y.; De Cooman, B.C. Microstructure-mechanical properties relationships for quenching and partitioning

(Q&P) processed steel. Acta Mater. 2016, 113, 124–139. [CrossRef]
36. Santofimia, M.; Zhao, L.; Sietsma, J. Model for the interaction between interface migration and carbon diffusion during annealing

of martensite–austenite microstructures in steels. Scr. Mater. 2008, 59, 159–162. [CrossRef]
37. Wang, C.; Wang, M.; Shi, J.; Hui, W.; Dong, H. Effect of microstructural refinement on the toughness of low carbon martensitic

steel. Scr. Mater. 2008, 58, 492–495. [CrossRef]

http://doi.org/10.1016/j.matdes.2008.07.042
http://doi.org/10.1007/BF02664823
http://doi.org/10.1007/s11661-017-4377-2
http://doi.org/10.2355/isijinternational.52.1377
http://doi.org/10.1016/j.msea.2011.10.125
http://doi.org/10.1007/s11661-012-1420-1
http://doi.org/10.1179/026708303225001902
http://doi.org/10.1016/j.scriptamat.2008.11.043
http://doi.org/10.1016/j.msea.2017.03.017
http://doi.org/10.1016/0001-6160(59)90170-1
http://doi.org/10.2355/isijinternational.32.1311
http://doi.org/10.1088/0031-9112/29/12/034
http://doi.org/10.2355/isijinternational1966.21.649
http://doi.org/10.1016/0364-5916(85)90021-5
http://doi.org/10.1016/j.tca.2005.06.028
http://doi.org/10.1063/1.445731
http://doi.org/10.1016/j.commatsci.2015.10.048
http://doi.org/10.1016/j.scriptamat.2006.11.033
http://doi.org/10.2355/isijinternational.34.198
http://doi.org/10.1016/j.actamat.2016.03.048
http://doi.org/10.1016/j.actamat.2012.01.045
http://doi.org/10.1016/S1359-6454(03)00059-4
http://doi.org/10.1016/j.scriptamat.2004.08.029
http://doi.org/10.1002/srin.201500331
http://doi.org/10.1179/026708301101511040
http://doi.org/10.1016/0001-6160(53)90043-1
http://doi.org/10.1016/j.actamat.2016.04.048
http://doi.org/10.1016/j.scriptamat.2008.02.045
http://doi.org/10.1016/j.scriptamat.2007.10.053


Materials 2021, 14, 1000 19 of 19

38. Morito, S.; Saito, H.; Ogawa, T.; Furuhara, T.; Maki, T. Effect of Austenite Grain Size on the Morphology and Crystallography of
Lath Martensite in Low Carbon Steels. ISIJ Int. 2005, 45, 91–94. [CrossRef]

39. Tomita, Y.; Okabayashi, K. Effect of microstructure on strength and toughness of heat-treated low alloy structural steels. Met.
Mater. Trans. A 1986, 17, 1203–1209. [CrossRef]

40. Holzweissig, M.J.; Lackmann, J.; Konrad, S.; Schaper, M.; Niendorf, T. Influence of Short Austenitization Treatments on the
Mechanical Properties of Low-Alloy Steels for Hot Forming Applications. Met. Mater. Trans. A 2015, 46, 3199–3207. [CrossRef]

41. De Moor, E.; Lacroix, S.; Clarke, A.; Penning, J.; Speer, J. Effect of Retained Austenite Stabilized via Quench and Partitioning on
the Strain Hardening of Martensitic Steels. Met. Mater. Trans. A 2008, 39, 2586–2595. [CrossRef]

42. Bhadeshia, H.; Honeycombe, R. Steels: Microstructure and Properties; Butterworth-Heinemann: London, UK, 2006; pp. 251–253.
43. Saeglitz, M.; Krauss, G. Deformation, fracture, and mechanical properties of low-temperature-tempered martensite in SAE 43xx

steels. Met. Mater. Trans. A 1997, 28, 377–387. [CrossRef]
44. Krauss, G. Deformation and fracture in martensitic carbon steels tempered at low temperatures. Met. Mater. Trans. A 2001, 32,

205–221. [CrossRef]
45. Wu, R.; Li, W.; Zhou, S.; Zhong, Y.; Wang, L.; Jin, X. Effect of Retained Austenite on the Fracture Toughness of Quenching and

Partitioning (Q&P)-Treated Sheet Steels. Met. Mater. Trans. A 2014, 45, 1892–1902. [CrossRef]
46. Gao, G.; Zhang, H.; Gui, X.; Luo, P.; Tan, Z.; Bai, B. Enhanced ductility and toughness in an ultrahigh-strength Mn–Si–Cr–C steel:

The great potential of ultrafine filmy retained austenite. Acta Mater. 2014, 76, 425–433. [CrossRef]
47. Chen, J.; Zhang, W.-N.; Liu, Z.-Y.; Wang, G.-D. The Role of Retained Austenite on the Mechanical Properties of a Low Carbon

3Mn-1.5Ni Steel. Met. Mater. Trans. A 2017, 48, 5849–5859. [CrossRef]
48. Zhang, M.-X.; Kelly, P.M. Stress-induced martensitic transformation and impact toughness of cast irons and high-carbon Fe-Ni-C

steel. Met. Mater. Trans. A 2001, 32, 2695–2708. [CrossRef]
49. Wang, Z.; Huang, M.X. Optimising the strength-ductility-toughness combination in ultra-high strength quenching and partition-

ing steels by tailoring martensite matrix and retained austenite. Int. J. Plast. 2020, 134, 102851. [CrossRef]
50. Krauss, G. Tempering of Lath Martensite in Low and Medium Carbon Steels: Assessment and Challenges. Steel Res. Int. 2017,

88, 1700038. [CrossRef]
51. Jacobs, T.R.; Matlock, D.K.; Findley, K.O. Characterization of localized plastic deformation behaviors associated with dynamic

strain aging in pipeline steels using digital image correlation. Int. J. Plast. 2019, 123, 70–85. [CrossRef]
52. Wang, H.C.; Somsen, C.; Li, Y.J.; Fries, S.G.; Detemple, E.; Eggeler, G. Effect of Nb on improving the impact toughness of

Mo-containing low-alloyed steels. J. Mater. Sci. 2019, 54, 7307–7321. [CrossRef]
53. Yan, W.; Shan, Y.Y.; Yang, K. Effect of TiN inclusions on the impact toughness of low-carbon microalloyed steels. Met. Mater.

Trans. A 2006, 37, 2147–2158. [CrossRef]
54. Chen, S.; Gan, D. Effects of grain boundary carbides on the tensile and impact properties of type 316 stainless steel. Mater. Sci.

Eng. 1986, 84, 65–76. [CrossRef]
55. Im, Y.-R.; Oh, Y.J.; Lee, B.-J.; Hong, J.H.; Lee, H.-C. Effects of carbide precipitation on the strength and Charpy impact properties

of low carbon Mn–Ni–Mo bainitic steels. J. Nucl. Mater. 2001, 297, 138–148. [CrossRef]
56. Lee, W.-S.; Lin, C.-F. Impact properties and microstructure evolution of 304L stainless steel. Mater. Sci. Eng. A 2001, 308, 124–135.

[CrossRef]
57. Hull, D.; Bacon, D.J. Introduction to Dislocations; Butterworth-Heinemann: London, UK, 2011; pp. 119–121.
58. Zhou, Q.; Qian, L.; Tan, J.; Meng, J.; Zhang, F. Inconsistent effects of mechanical stability of retained austenite on ductility and

toughness of transformation-induced plasticity steels. Mater. Sci. Eng. A 2013, 578, 370–376. [CrossRef]

http://doi.org/10.2355/isijinternational.45.91
http://doi.org/10.1007/BF02665319
http://doi.org/10.1007/s11661-015-2907-3
http://doi.org/10.1007/s11661-008-9609-z
http://doi.org/10.1007/s11661-997-0139-x
http://doi.org/10.1007/s11663-001-0044-4
http://doi.org/10.1007/s11661-013-2113-0
http://doi.org/10.1016/j.actamat.2014.05.055
http://doi.org/10.1007/s11661-017-4362-9
http://doi.org/10.1007/s11661-001-1022-9
http://doi.org/10.1016/j.ijplas.2020.102851
http://doi.org/10.1002/srin.201700038
http://doi.org/10.1016/j.ijplas.2019.07.010
http://doi.org/10.1007/s10853-019-03374-2
http://doi.org/10.1007/BF02586135
http://doi.org/10.1016/0025-5416(86)90223-5
http://doi.org/10.1016/S0022-3115(01)00610-9
http://doi.org/10.1016/S0921-5093(00)02024-4
http://doi.org/10.1016/j.msea.2013.04.096

	Introduction 
	Experimental Procedure 
	Material Preparation 
	Microstructural Characterization 
	Mechanical Properties Measurement 

	Results 
	Phase Diagram 
	As-Quenched and Partitioned Microstructure 
	Mechanical Properties 

	Discussion. 
	Microstructure Evolution during Quenching and Partitioning 
	Effects of Microstructure on Ductility and Impact Toughness 
	Effect of Microstructure on Ductility 
	Effect of Microstructure on Impact Toughness 

	The Different Microstructure Effect on Tensile and Impact Tests 

	Conclusions 
	References

