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Abstract: In this study, the phase transformation temperature of 15Cr12MoVWN ferritic/martensitic
steel was determined by differential scanning calorimetry to provide a theoretical basis for
the design of a heat treatment process. An orthogonal design experiment was performed to
investigate the relationship between microstructure and heat treatment parameters, i.e., normalizing
temperature, cooling method and tempering temperature by evaluating the room-temperature and
elevated-temperature tensile properties, and the optimum heat treatment parameters were determined.
It is shown that the optimized heat treatment process was composed of normalizing at 1050 °C
followed by air cooling to room temperature and tempering at 700 °C. Under the optimum heat
treatment condition, the room-temperature tensile properties were 1014 MPa (UTS), 810.5 MPa (YS)
and 18.8% (elongation), while the values are 577.5 MPa (UTS), 469 MPa (YS) and 39.8% (elongation)
tested at 550 °C. The microstructural examination shows that the strengthening contributions from
microstructural factors were the martensitic lath width, dislocations, M»3C4, MX and grain boundaries
of prior austenite grain (PAG) in a descending order. The main factors influencing the tensile strength
of 15Cr12MoVWN steel were the martensitic lath width and dislocations.

Keywords: 15Cr12MoVWN steel; tensile properties; precipitate; dislocation density; microstructure

1. Introduction

Numerous countries promote the design and construction of the fourth-generation nuclear power
plants because of increasing fuel consumption [1,2]. Sodium-cooled fast reactor (SFR) is an important
type of the fourth-generation nuclear energy and an important direction for Chinese nuclear energy
development in the future. Owing to the coupling effect of high temperature, high dose irradiation,
stress and cooling medium, materials for the core assembly such as cladding and wrapper tubes, should
exhibit appropriate mechanical properties to maintain the integrity under elevated temperature and
stress, high resistance to neutron irradiation, adequate dimensional stability [3], sufficient corrosion
resistance in both sodium and alkaline water, and low tendency of metal embrittlement. Compared with
austenitic steels, 9-12% Cr ferrite martensitic steels have enhanced radiation tolerance, higher thermal
conductivity, lower thermal expansion coefficient and low susceptibility to helium embrittlement [4-6].
They have been chosen as candidate materials for SFR. DIN 1.4914 or MANET steel with a nominal
composition of 0.11C-11.3Cr-0.5Mo-0.3V-0.25Nb-0.03N-0.007B was developed in Germany in the
1980s, based on DIN 1.4922 [7]. PNC-FMS (ferritic-martensitic heat-resistant steel) was designed
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for the JOYO reactor and had a main composition of 11Cr-0.5Mo-2W with V, Nb and N as alloying
elements [8]. EP-450 or 1IKh13M2BEFP steel with higher Nb content was used as wrapper tubes in
BN-350 and BN-600 [9]. HT-9 steel, with a composition of 0.2C-12Cr-1Mo-0.5W-0.3V, was extensively
irradiated in the FFTF (Fast Flux Test Facility) facility and was chosen in the US nuclear fusion
materials program [5,10]. EM10 steel with 9% Cr was used for the wrapper tube in Phenix and Super
Phenix [11]. Modified 9Cr-1MoVND steel or Gr. 91 was designed for steam generator tubes or pipes in
fast reactors [12], and also extensively used in ultra-supercritical (USC) fossil power plants [13].

As a result of the variation in chemical composition, different parameters for heat treatment have
been optimized through experimental research. The heat treatment procedure of DIN 1.4914 was
composed of austenizing at 1075 °C and tempering at 750 °C [14]. The recommended heat treatment for
EP-450 steel was normalizing at 1020-1100 °C with subsequent tempering at 780-800 °C for more than
1 h [9]. Numerous scholars studied the precipitation sequences during normalizing and tempering of
HT-9 steel [15,16]. The heat treatment process recommended for HT-9 steel by Rowcliffe [17] involves
normalizing at 1050 °C accompanied by tempering at 780 °C for 2 h. The proposed heat treatment of
PNC-FMS was divided into two categories, that is, normalizing at 1100 °C and tempering at 780 °C to
satisfy the requirements of high-temperature creep strength for cladding tubes, and normalizing at
1050 °C and tempering at 700 °C to satisfy the requirements of tensile strength and ductility for wrapper
tubes [18]. Suitable heat treatments for normalizing/tempering of EM10, Gr. 91 were 980 °C/750 °C
and 1050 °C/770 °C [19], respectively.

Based on the results of Shikakura et al. [20], the Cr content in ferritic/martensitic steels should
be higher than 10 wt.% to resist the decarburization in sodium and lower than 12% to keep impact
toughness with respect of the long-term microstructural degradation. Cr, Mo, W, V, Nb, Ta and
N were added to enhance the strength at ambient or elevated temperatures derived from solid
solution, M3Cg4 or MX precipitates, and the martensitic transformation. Although the Nb content
in EP-450 and DIN1.4914 is approximately 0.25% and 0.45%, respectively, the recommended Nb
content in creep-enhanced ferritic steels (CEFS) is in the range of 0.03-0.08% from the viewpoint of MX
precipitation strengthening [21]. However, ferritic/martensitic steels eliminated Nb or replaced Nb
with Ta were selected to reduce the radiation activation [22]. From the above-mentioned steels, HT-9
steel with high Cr content, therefore, exhibits attractive characteristics for application in wrapper or
cladding tubes in SFR.

There are two main problems that should be considered for HT-9 steel as the new requirement
of demo plants. As a result of the high C content of HT-9 steel, the main precipitate M»3Cg is
easily coarsened at high temperature or during long-term service in irradiation environments [23],
which reduces its high-temperature strength. During manufacturing of fuel assembly, HT-9 wrapper
tubes are connected with entrance nozzle or handing head through welding. As with heat resistant
steels, a high C content in HT-9 steel is detrimental for welding because of cracking during cooling
after welding. A reduction in C content is one of the methods to enhance the weldability. Accordingly,
ferritic/martensitic steel with 0.12-0.16% carbon has been proposed based on HT-9 steel. However,
the tendency of 5-ferrite formation increases with the reduction in C content according to the chromium
equalization (Creq) [24] by C, as shown in Equation (1).

Creq = Cr + 65i + 4Mo + 1.5W 4 11V + 5Nb — 2Mn — 4Ni — 40C — 30N 1

To eliminate the influence of C reduction, Nb is restricted to as low as possible and N is added to
reduce the Creq to below 10 wt.%. The theoretical addition of nitrogen content from Equation (1) is in
the range of 0.035-0.90%. Schirra [25] shows that the relationship between C and N in heat-resistant
ferritic steels is as follows:

3N =1C )

That is, with the reduction in C from 0.20% to 0.12-0.16%, the addition of 0.12-0.24% N is needed to
eliminate the 6-ferrite formation. The addition of N enhanced the high-temperature creep strength [26]
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because the MX phase formed in the lath or along the lath boundaries, inhibited the coalescence of
laths and delayed the migration of lath boundaries or dislocations. Considering the influence of N on
weldability [27], the proposed N addition was restricted in the range of 0.035-0.12 wt.%. The Cr, Mo,
W and V contents remained at the same level as that of HT-9 steel. A new type of ferrite martensitic
steel (hereafter, 15Cr12MoVWN) is proposed for wrapper tube with respect to stable organization,
weldability and process performance.

As a result of the increasing demand for high performance in irradiation environments,
15Cr12MoVWN steel should meet the requirements of yield strength (YS), ultimate tensile strength
(UTS) and elongation at room temperature of 570 MPa, 665 MPa and 17.5%, respectively; and 340 MPa,
450 MPa and 20% at 550 °C, respectively. It has been reported [28] that the UTS and YS at room
temperature of HT-9 steel were 738 and 556 MPa, respectively, for a heat treatment of normalizing at
1050 °C for 0.5 h and tempering at 780 °C for 2.5 h, which was not satisfied for the said requirements.
The variation in heat treatment parameters is the most useful to enhance the performance of 9-12%
Cr ferritic/martensitic steels. In the present study, a series of orthogonal design experiments was
performed to investigate the influence of heat treatment on the microstructural evolution and tensile
properties of 15Cr12MoVWN steel.

2. Materials and Experimental Procedure

The 15Cr12MoVWN steel employed in this study was melted by a vacuum induction furnace
(VIM, Shenyang, China), and then forged at 1080 °C into a block of 40 mm thickness and 125 mm width.
The block was hot-rolled at 1080 °C into a plate of 14 mm thickness and 130 mm width. The chemical
composition of the steel is given in Table 1. Specimens for heat treatment, microstructure examination
and tensile tests were taken from the hot-rolled plate.

Table 1. Chemical composition of 15Cr12MoVWN steel (wt.%).

C Si Mn Cr Mo W A% Ni S P N Fe
0.15 0.04 0.58 12.20 0.90 0.50 0.29 0.69 0.002 0.003 0.106 Bal.

The critical transition temperature of the material was measured by differential scanning
calorimetry (DSC, TA, New Castle, DE, USA). The parameters for DSC analysis were as follows:
rapid heating to 500 °C, then heating to 1000 °C at a rate of 10 °C/min, holding for 20 min, furnace
cooling to 200 °C at a rate of 10 °C/min and then rapidly cooling to 23 °C. According to the DSC results,
the phase transformation temperatures of 15Cr12MoVWN steel in the form of Acl, Ac3 and Tc were
802, 904 and 725 °C, respectively.

An orthogonal design experiment was used to investigate the influence of heat treatment on the
tensile properties of the steel. The influence factors and parameters of the orthogonal method were
designed based on the DSC results and heat-treatment parameters of Rowcliffe [17]. The influence factors
were set as the normalizing temperature, tempering temperature and cooling method. The related
parameters are shown in Table 2. The holding time for normalizing and tempering was set at 0.5 and
1.5 h, respectively.

Tensile tests were performed at 23 and 550 °C on a hydraulic test system. Cylindrical samples
with a diameter of 5 mm and gauge length of 25 mm were machined for tensile tests after tempering.
Two specimens were prepared for tensile tests and the results were averaged. The fractographs of
the ruptured tensile specimens were analyzed by scanning electron microscopy (SEM, Hitachi 2300,
Tokyo, Japan).

Optical microscopy (OM, ZEISS AXIOVERT 200MAT, Carl Zeiss AG, Heidenheim, Germany),
SEM (Inspect F50, FEI, Hillsboro, OR, USA) and transmission electron microscopy (TEM, JEM2000FX
II, JEOL, Tokyo, Japan) were used to investigate the microstructure of the 15Cr12MoVWN steel
specimens after different heat treatments. Specimens for OM and SEM observation were etched with
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Villella’s reagent solution (1 g picric acid + 5 mL HCl + 100 mL ethanol). Five OM images were
captured continuously at a magnification of 200x for each sample and the prior austenite grain size
was measured by the linear intercept method. After grinding to about 50 um in thick, discs with
3 mm diameter for TEM analysis were prepared by twin-jet electro-polisher with a solution of 10%
perchloric acid and 90% alcohol at —20 °C, and the voltage was 20 V. To confirm the dislocation
density under different heat treatment conditions, the specimens were tested by X-ray diffraction (XRD,
Shimadzu, Kyoto, Japan) over a scanning range from 40 to 102° at a scanning speed 1°/min. There was
a linear relationship between micro-strain and grain refinement size and diffraction peak width [29,30].
The three strongest diffraction peaks from XRD data analysis by Jade were selected, the relationship
between oy cos Oy / A and 2 sin Oy / A was calculated. The slope between cos 0 and sin 6 of the fitting
line was the micro-strain (e).

Table 2. Influence factors and parameters for the orthogonal design experiment.

No. Austenitizing/°C Tempering/°C Cooling Method
oW 1000 650 wQ?

00 1000 700 oQP

0A 1000 760 AC*¢

50 1050 650 0oQ

5A 1050 700 AC

5W 1050 760 WwWQ

8A 1080 650 AC

8W 1080 700 WQ

80 1080 760 oQ

Note: 2 water quenching; ° oil quenching; © air cooling.

The thermodynamic calculations were carried out to predict the phase stability and phase fractions
for the steel in 15Cr12MoVWN steel with the composition in Table 1 using Thermo-Calc software and
TCFE7/Fe-Alloys database version 7.0. Elements, S and P, were not considered.

3. Results

3.1. Microstructure

Figure 1 shows the microstructures of 15Cr12MoVWN steel under different heat treatment
conditions. It is observed that 15Cr12MoVWN steel has a fully martensitic structure without formation
of o-ferrite. From Equation (1), Creq for 15Cr12MoVWN steel with the chemical composition in Table 1
is 6.48 wt.%, which is substantially lower than the critical content of 10.0 wt.% to eliminate the 6-ferrite
formation. The variation in prior austenite grain (PAG) size with the heat treatment parameters
is shown in Figure 2. The average grain size varies little with the different cooling methods and
tempering temperatures. On the contrary, the PAG size changes obviously with different normalizing
temperatures, especially for normalizing at 1080 °C. The higher the normalizing temperature, the greater
the grain size. The normalizing temperature is therefore the most important factor affecting the PAG
size among the influencing factors in the orthogonal design experiment.

The morphology of the martensitic laths was analyzed by TEM and the results are shown in
Figure 3. Fine martensitic laths dominated in the specimens tempered at 650 and 700 °C irrespective
of the normalizing temperature and cooling method. When the tempering temperature increased to
760 °C, the dislocation recovery accelerated, and the dislocations in the martensitic lath passed through
the precipitates by climbing or bypassing to form a dislocation wall, which promoted the formation of
subgrains and accelerated the crushing of the lath. The width of martensitic lath was calculated and
its relationship to the variation in heat treatment parameters is presented in Figure 4. From Figure 4,
the increasing tendency of the martensitic lath width is low from 650 to 700 °C, but significant at 760 °C
during tempering. The lath width increased with increasing grain size and normalizing temperature.
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It is also argued from Figure 4 that the tempering temperature was more effective in adjusting the
lath width than the normalizing temperature. The present results of lath width variation in the
15Cr12MoVWN steel specimens are in good agreement with the literature [31].

Figure 1. Optical micrographs of 15Cr12MoVWN steel under different heat treatment conditions.
(a) OW, (b) 00, (c) 0A, (d) 50, (e) 5A, (f) 5W, (g) 8A, (h) 8W, (i) 80.
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Figure 2. Average prior austenite grain (PAG) size of 15Cr12MoVWN steel with heat treatment
parameters. (a): Cooling method; (b): Tempering temperature; (c): Normalizing temperature.
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Figure 3. TEM micrographs of 15Cr12MoVWN steel under conditions of (a) OW. (b) 00. (c) 0A. (d) 50.
(e) 5A. (f) 5W. (g) 8A. (h) 8W. (i) 80.
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Figure 4. Average martensitic lath width of 15Cr12MoVWN steel according to heat treatment parameters.

With the variation in lath width, dislocations diminish and the density decreases [32]. The dislocation
density, p, under different heat treatment conditions is characterized quantitatively based on the
Williamson-Hall method [29,30] as shown in Equation (3) [33].

o2

p=144

®)
where, b is the Burgers vector which has a value of 0.289 nm as reported in the literature [34]; and e is
the micro-strain, which refers to the irregular change in the crystal cell caused by micro-stress, and is
calculated as the ratio of the diffraction peak broadening of the sample to the diffraction angle using the
Jade software. The dislocation density under different heat treatment conditions was then calculated,
and the results are shown in Figure 5. It is clear that the dislocation density decreased obviously with
the increasing tempering temperature.
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Figure 5. Variation in dislocation density with heat treatment temperature of 15Cr12MoVWN steel.

Two types of precipitates were observed in 15Cr12MoVWN steel. A representative morphology
of the specimen normalized at 1000 °C, water quenched and tempered at 650 °C is shown in Figure 6.
The elongated precipitates in Figure 6a distributed in the chain along the grain boundaries, whereas
fine spheroid particles in Figure 6b distribute predominantly in the laths. Electron diffraction pattern
analysis was used to identify the precipitates indicated by the arrows, and the selected area electron
diffractions (SAEDs) are shown in Figure 6¢,d. The precipitates in Figure 6a had an FCC structure,
and the lattice constant, 4, was 1.0809 nm, which is similar to that of Cry3C¢ (2 = 1.066 nm) reported in
the literature [35]. The metal cluster, M, in M»3C4 was mainly composed of Cr, Fe and Mo, as shown in
Figure 6e. Fe, Mo and other elements were dissolved into Cry3Cg and replaced Cr to form a complex
metal cluster which modified the lattice constant. From Figure 6d, the spheroid precipitates also had an
FCC structure, and the lattice constant, a, was 0.4164 nm, which is between that of VC (a2 = 0.4165 nm)
and VN (g = 0.41347 nm). The replacement of C by N and V by Cr modifies the lattice constant of VC.
Therefore, the precipitate in Figure 6b was identified as (V,Cr), (C,N) or MX. The size of MX was below
50 nm, which is substantially smaller than that of M»3Cg.

M,3Ce SAED MX SAED

Figure 6. Cont.
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Figure 6. TEM micrographs of 15Cr12MoVWN steel normalized at 1000 °C and tempered at 650 °C.
(a) Mp3Cg at grain boundary, (b) MX in lath, (c) selected area electron diffraction (SAED) of M»3Cg¢ in
(a), (d) SAED of MX in (b), (e) composition of metal cluster, M, in Mp3Cg

MX particles were also identified in the specimens normalized at 1080 °C and tempered at 760 °C.
They were predominantly distributed at the martensitic lath boundaries and in the laths, as indicated
by the arrows in Figure 7. It is clear that the particles pinned the dislocation, hindered the dislocation
movement and hindered the lath mergence and growth when they were at the lath boundaries.

MX SAED

Figure 7. TEM micrographs and the related SAED of MX in 15Cr12MoVWN specimen normalized at
1080 °C and tempered at 760 °C.

The distribution of Mp3Cg was also investigated using SEM, and the results are shown in Figure 8.
The combination of high-temperature normalization followed by tempering at 650-760 °C (Figure 8d-h)
or low temperature normalization followed by tempering at 700-760 °C (Figure 8b,c) is recommended
because Mp3Cq particles were distributed homogeneously at the boundaries of PAG and laths. One
hundred M;3Cg particles at grain boundaries were calculated and the result of average particle size
is shown in Figure 9. It is shown that the size of My;C¢ decreased with increasing normalizing
temperature, and with decreasing tempering temperature. The size of M3Cg varies little at the same
normalizing temperature when the samples were tempered at 700 and 760 °C.
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Figure 8. SEM micrographs of My3C¢ in 15Cr12MoVWN steel specimens under conditions of (a) OW,
(b) 00, (c) 0A, (d) 50, (e) 5A, (f) 5W, (g) 8A, (h) 8W, (i) 80.
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Figure 9. Average M»3Cq particle size at grain boundaries with variation in normalizing temperature.
3.2. Tensile Properties

Tensile strengths of 15Cr12MoVWN steel at room temperature (23 °C) and 550 °C are shown in
Figure 10. When tested at 23 °C, both the ultimate tensile strength (UTS) and yield strength (YS) were
enhanced as the normalizing temperature increased from 1000 to 1050 °C, regardless of the tempering
temperature. A further increase in the normalizing temperature up to 1080 °C had a detrimental
effect on the UTS, with the exception of the specimen tempered at 700 °C, and normalizing at 1080 °C
enhanced the YS with the exception of the specimen tempered at 650 °C. The UTS and YS decreased
with increasing tempering temperature. For specimens tested at 550 °C, the UTS and YS increased with
increasing normalizing temperature. Therefore, the higher normalizing temperature is recommended
for 15Cr12MoVWN steel in the viewpoint of tensile strength.
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Figure 10. Tensile strength of 15Cr12MoVWN steel under different heat treatment conditions.

The elongation of 15Cr12MoVWN steel tested at room temperature and 550 °C is shown in
Figure 11. Specimens tempered at 760 °C had substantially higher elongation compared with those
tempered 650 or 700 °C. The specimen normalized at 1000 °C had a higher elongation with an increase
in tempered temperature than those at other normalizing temperature. It is argued that normalizing at

high temperature was detrimental to elongation. For tensile specimens tested at 550 °C, those tempered
at 650 °C at different normalizing temperatures had lower elongation. The elongation was lower for
specimens tempered at 760 °C after normalizing at 1000 °C. It is concluded that the lower normalizing
temperature and higher tempering temperature were recommend for the tensile ductility whether the
specimens were tested at room temperature or 550 °C.
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Figure 11. Elongation of 15Cr12MoVWN steel specimens under different heat treatment conditions.
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3.3. Fracture Morphology

The fracture morphology of the ruptured tensile specimens was analyzed by SEM, and is shown in
Figure 12. Radical cracks are shown in the morphology at different angular intervals, and the number of
cracks and their depth increased with increasing tempering temperature especially at 700 °C as shown
in Figure 12b,e,h. The fractographies with high resolution in each graph were taken from the center of
the fractured specimens. The fibrous area in Figure 12¢,{,i clearly indicates some secondary cracks in the
fractographies as the tempering temperature increased while the normalizing temperature remained
constant. These cracks are typically caused by second-phase particles or carbides. The homogeneous
distribution of M»3Cg in the specimens tempered at high temperature (Figure 8c,f) is favorable for
uniform deformation during the tensile tests. On the contrary, the fractographies in Figure 12a,d
show quasi-cleavage fracture with step and ligule patterns generated from the inhomogeneous M»3Cq
formation (Figure 8a,d). A large external force is required to break a material containing deep cracks,
as shown in Figure 10. The dimples deepened with increasing tempering temperature, but the opposite
trend occurred with increasing normalizing temperature.

Figure 12. Tensile fractographies of 15Cr12MoVWN steel at room temperature under conditions of
(a) OW, (b) 00, (c) 0A, (d) 50, (e) 5A, (f) 5W, (g) 8A, (h) 8W, (i) 8O.

4. Discussion

4.1. Relationship between Heat Treatment and Microstructure

Orthogonal design experiments were conducted to investigate the microstructural evolution in
15Cr12MoVWN steel, which is based on HT-9 steel and has a lower C content. The microstructure of
15Cr12MoVWN steel is composed of fully martensite as shown in Figures 1 and 3. 6-ferrite was not
detected under any of the heat treatment conditions. The main precipitates were identified as M3Cq
and MX. As shown in the present research, the PAG size, the lath width, the density of dislocations and
the distribution and particle size of Mp3Cg were affected by parameters of normalization and tempering.

The cooling method and tempering temperature had little influence on the PAG size. However,
the normalizing temperature had the greatest influence on the PAG size, as shown in Figure 2. The grain
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size varied owing to the motivation of atoms. The increase in normalizing temperature accelerated the
movement of atoms, and therefore promoted the migration of grain boundaries and the agglomeration
of grains. In contrast, Mp3Cq carbides at the grain boundaries were dissolved into the matrix during
normalization at high temperatures, and their effects on the pinning of grain boundaries was weakened,
which promoted grain growth.

The cooling method and tempering temperature had a certain influence on the evolution of lath
width. The variation of the width of laths with the changes of cooling methods was not monotonic as
shown in Figure 4. As proposed from orthogonal analysis of HT-9 steel [36], cooling methods had less
significant influence on the martensitic width compared with normalizing or tempering temperatures.
A further study focused on the cooling methods on the microstructural evolution of 15Cr12MoVWN
steel will be conceived in our following research on the condition of normalization at 1050 °C and
tempering at 700 °C. As shown in Figure 4, the martensitic lath width increased slowly from 650 to
700 °C with an abrupt increase under the condition of tempering at 760 °C. Part of the martensitic lath
boundary disappeared, and the neighboring laths combined during tempering, which resulted in the
martensitic lath widening, and this tendency turned evidently with increasing tempering temperature.

The dislocation substructure was generated from the martensitic transformation during the
cooling process following normalization. During tempering at 650-760 °C, the stored energies from
the martensitic transformation were released, the dislocations moved constantly, and the dislocation
density reduced. The higher the tempering temperature, the greater the dislocation movement and
the lower the dislocation density. Therefore, the tempering temperature is an important factor in
determining the dislocation density as shown in Figure 5. It also shows that normalizing temperature
and cooling methods had monotonous influence on the variation of dislocation densities.

Figure 9 indicates that the normalizing temperature had a significant influence on the My3Cq
evolution in 15Cr12MoVWN steel. The influence on M»3Cgy is attributed to the difference in carbide
dissolution or the variation of PAG size. The equilibrium phases above 600 °C included o-ferrite,
My3C6, MX, M;(C, N) and Laves phase and their weight fractions at each temperature were given
in Figure 13. Mp3Cy and MX were identified by experimental examinations. M,(C, N) and Laves
phase were not observed from experimental examinations. No 0-ferrite was detected in specimens of
15Cr12MoVWN steel because of the careful control of hot processing and heat treatment parameters as
shown in Section 3.1. From the thermodynamic calculation in Figure 13, the dissolved temperatures
of Mp3C4 and MX were approximately 955 °C and 1185 °C, respectively. This means that M;3Cg was
completely dissolved at 1000-1080 °C in theory. As the normalizing temperature increased from 1000
to 1080 °C, the phase fraction of MX decreased from 0.3% to about 0.2%. The MX dissolution of
0.1% provided limited free C to influence the behavior of M»3C4 during tempering. We consider the
difference in Figure 9 to be attributed to the grain size. As shown in Figure 2¢, the PAG size of the
specimen normalized at 1080 °C and tempered at 760 °C was approximately 40 um, which is more
than twice that of the specimens normalized at 1000 °C or 1050 °C following the same tempering at
760 °C. For tempering at a certain temperature, the evolution of carbides was mainly determined by
the diffusion of carbide-formers such as Cr, Fe and Mo. The distance of Cr, Mo from the matrix to the
vicinity of grain boundaries was significantly affected by the grain size, according to Equation (4)

o 72
x—C] X 1 ()

X0 =85 Dy

tS:(d)zx[ ey

where ¢ is the diffusion time of the atoms, M, from the matrix to the grain boundaries; d the average
PAG size; x. and x}, are the concentrations of C, Cr, Fe or Mo in the matrix before tempering; xj , is the
concentration of Cr, Fe or Mo at the interface of the M»3Cg/matrix; and D), the diffusion coefficient for
Cr, Fe or Mo. Equation (4) was rearranged as follows.
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In the present study, x"C, xﬁ/l, ts and Djs were treated to be equal because of the complete dissolution
of M»3Cg¢ at 1000-1080 °C. Therefore, the concentration of Cr, Fe or Mo in front of the My3Cg/matrix
interface was reduced significantly by the increase in grain size, d. The increase in particle size was
then attributed to Ostwald coarsening instead of the diffusion-controlled precipitation. The variation
in Mp3Cq particle size with the tempering temperature was also inferred from the Equation (5) because
of the increments in the diffusion coefficient Dy.

Although predicted by thermodynamic calculations as shown in Figure 13b, Cr-rich M»(C, N) and
Laves phases were not identified in the present study.
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Figure 13. Relationship between phase fraction and temperature of 15Cr12MoVWN steel calculated
by Thermo-Calc software based on the chemical composition in Table 1. (a): overall diagram; (b):
partial diagram.

4.2. Relationship between Microstructure and Tensile Properties

Strengthening methods for ferritic/martensitic steels include fine-grain strengthening, solid
solution strengthening, precipitate strengthening and dislocation strengthening. According to the
fine-grain strengthening theory, the tensile strength decreased with increasing the PAGs as shown in
Figure 2. However, the tensile strength increased with normalizing temperature, or strictly speaking, the
increase of grain size from Figure 10. Therefore, the variation in grain size or normalizing temperature,
therefore, should not be the main factor to influence the tensile properties of 15Cr12NiMoVWN steel.
According to Fan et al. [37], the increased amount of the alloying elements caused an increase in
strength of 1Cr12NiMo steel. From Figure 13, the amounts of M3Cg in specimens tempered at 650, 700
and 760 °C were 2.87%, 2.83% and 2.83%, respectively. The amount of MX varied little. It is speculated
that solid solution strengthening generated from M»3Cg and MX dissolution was also not the primary
cause of the variation of tensile strength in Figure 10.

As shown in Figure 4, the lath width increased with increasing tempering temperature. The width
increased slowly from 650 to 700 °C and abruptly at 760 °C. It is assumed that the martensitic lath
fragmented gently at 650 or 700 °C, but fragmented completely and appears to be cellular substructure
at 760 °C (Figure 3¢ f,i). The larger the martensitic lath, the worse the plasticity and the lower the
tensile strength of 15Cr12MoVWN steel as shown in Figures 10 and 11. Therefore, the martensitic lath
width is the main microstructural factor influencing the tensile properties of 15Cr12MoVWN steel.

The main precipitates in 15Cr12MoVWN steel identified as M3Cy and MX were effective in
preventing grain growth and lath widening. These were manipulated to improve the tensile strength
of ferritic/martensitic steels [38]. However, in the present study, there was a critical size of M3Cq
particle that influenced the tensile strengths favorably. With increasing My3Cg size, the pinning
function on the PAGs, lath boundaries and dislocations weakened, and the large grain size and wide
martensitic laths also reduced the ductility of 15Cr12MoVWN steel. M3Cg size tempered at 650 °C in
Figure 9 decreased between 1000 and 1050 °C, and the tensile strength (Figure 10) increased slowly.
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After normalization at 1080 °C followed by tempering, specimens, which contained M;3Cg particles,
exhibited a decreased tensile strength. It is assumed then that the critical M»3Cg size was in the range of
470-490 nm for 15Cr12MoVWN steel. The MX (Figures 6b and 7) in the laths, pinned the dislocations
and prevented merging, thereby improving the tensile strength. The reduction in elongation with
increasing normalizing temperature was attributed to the coarsening of the grains from Figure 11.
The enhancement in elongation with increasing tempering temperature was attributed to the reduction
in dislocation density from Figures 3 and 5.

To estimate the strengthening contribution from dislocations, precipitates (MX and M»3Cg), laths
and grain boundaries, the equations [39,40] Acgis = 0.5 Mub p1/2 for dislocations, Aop = Mayb(Nd)l/ 2
for MX and M»3Cs, Aoy = Mub/A for martensitic laths and Aog = 4380 Myb/(m)l/ 2 for grain boundaries,
respectively, where M is the Taylor factor and equal to 2.9 for ferritic heat resistant steels, p is shear
modulus and 80 GPa at 25 °C and 62 GPa at 550 °C for 15Cr12MoVWN steel, b is the magnitude of
Burgers vector with a value of 0.25 nm, p is the dislocation density, « is a size-dependent strength
factor with values from 0.1757In(2.7013d) and the d is the size/diameter of precipitates, N is the
number density of precipitates, A is the lath width and m is the PAG size. We take the specimen in
conditions of normalization at 1000 °C and tempering at 650 °C to illustrate the calculated strength
increment for each microstructural feature and the results were plotted in Figure 14. It is clearly shown
that the strengthening mechanism in 15Cr12MoVWN steel in a descending order was martensitic
lath, dislocation, M»3C¢, MX and grain boundaries of PAG. The strengthening contribution from
microstructural features in other heat treatment conditions showed the same trend as illustrated above.
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(2}

o
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T

400
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N

o

o
T

Dislocation density

Microstructure Yield strength
Figure 14. Microstructure contribution strength and yield strength of 15Cr12MoVWN steel.

4.3. Recommended Heat Treatment with Respect to Tensile Properties of 15Cr12MoVWN Steel

The tensile properties of 15Cr12MoVWN steel should satisfy the requirements of minimum YS,
UTS and elongation at room temperature of 570 MPa, 665 MPa and 17%, respectively; and 340 MPa,
450 MPa and 20% at 550 °C, respectively. When the samples were tested at 550 °C, the results of YS and
UTS are closer or higher than that tested at 250 °C with no radiation [17]. From Figure 10, normalization
can be conducted at temperatures in the range of 1000-1080 °C followed by OQ or AC and tempering at
temperatures in the range of 650-760 °C. However, normalizing at 1080 °C and tempering at 650 °C is
not recommended from the viewpoint of tensile ductility. Therefore, the recommended heat treatment
for 15Cr12MoVWN steel includes two steps composed of normalizing at 1050 °C followed by AC and
tempering at 700 °C. In this condition, the tensile properties were 810 MPa (YS), 1014 MPa (UTS) and
18.8% (elongation) tested at room temperature, the values were 469 MPa (YS), 577 MPa (UTS) and
39.8% (elongation) for specimens tested at 550 °C.
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5. Conclusions

In this study, we investigated the evolution of the microstructure of 15Cr12MoVWN steel by DSC
and orthogonal design experimental method. The influence of heat treatment parameters on tensile
properties was evaluated by tensile tests at 23 and 550 °C. The microstructure and strengthening
mechanism of 15Cr12MoVWN steel were also discussed. The concluding remarks are:

(1) The DSC results reveal that the phase transformation temperatures of 15Cr12MoVWN steel, Acl,
Ac3 and Tc were 802, 904 and 725 °C, respectively. These results provide the theoretical basis for
the design of parameters of heat treatment process.

(2) Based on the tensile strength and elongation at 23 and 550 °C, the optimized heat treatment
parameter was determined: normalizing at 1050 °C, air cooling to room temperature and
tempering at 700 °C. The tensile properties of specimens in optimized heat treatment condition
were 1014 MPa (UTS), 810 MPa (YS) and 18.8% (elongation) tested at 23 °C, and the values were
577.5 MPa (UTS), 469 MPa (YS) and 39.8% (elongation) tested at 550 °C.

(3) The martensitic lath width and dislocation were the main microstructural factors influencing
the tensile strength of 15Cr12MoVWN steel. The strengthening contribution from M»3C¢ and
MX was higher than that from grain boundaries of PAG and was the other important factor for
strengthening. The average sizes of PAG and M3Cq particles were the main factors influencing
the tensile ductility. Tempering temperature had the most significant influence on the evolution
of precipitates and dislocation densities. Normalizing temperature had the most significant
influence on the coarsening of PAG and M»3Cg. Cooling methods had less influence in both
microstructure and tensile properties compared with the other two heat treatment parameters.
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