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Abstract

In this study, a novel Chromium steel grade (COIN2) is produced as a result of a new steel composition
and an innovative heat treatment. This new steel grade COIN2 evolves from the P92 steel grade and
other novel steel grade recently created by the authors (COIN), and represents an enhancement of
hardness, tensile properties, and creep behaviour with respect to them, which validates the
metallurgical strategy used for further research in order to increase the efficiency of power plants and
thus reduce the CO, emissions. The characterization reveals a significant property improvement with
the innovative thermal treatment, contributing to the production of a novel and more competitive
steel grade for creep applications.

1. Introduction

High Chromium martensitic steels [ 1-7] are excellent grades for high temperature applications due to their
good corrosion properties and creep behaviour, thus being useful in power plants [8, 9]. Nevertheless, current
demands to tackle climate change go towards more efficient electricity generation plants, for which new
alternatives such as more competitive novel steel grades are required. In particular, high Chromium steel grades
with improved behaviour in terms of creep resistance and corrosion properties could allow using steam
pressures and temperatures above those used in current USC plants, which would contribute to more efficient
power generation plants, resulting in reduced CO, emissions [10].

Extensive research has been devoted to the design and development of new grades for high temperature
applications [11], such as P91 steel grade [ 12—14], which has been studied under different thermal treatments to
analyse the precipitated phases and their influence on the mechanical properties. In the same context, and with
the aim of further improving the creep resistance, P92 steel grade is developed [15, 16] and investigated through
the application of different thermal routes. Other efforts to increase the corrosion resistance in creep steels led to
the development of grades with higher Chromium content [17]. However, this strategy resulted in a decrease of
the creep strength. P91 and P92 grades have demonstrated to be good candidates for creep applications at
temperatures up to 620 °C.

In the present work, novel steel grades with a creep behaviour at 650 °C beyond that offered by the P92 grade
are investigated for more efficient power generation. As a result of this investigation, a new 9Cr ferritic/
martensitic steel [18, 19] is reported here, which has been produced from P92 by means of novel alloying [20-24]
combined with an innovative heat treatment [25-28]. In comparison to previous P92 modified steels, the new
grade here presented (COIN2) offers improved creep behaviour and other mechanical properties that
potentially allow operating in more demanding conditions in terms of temperature and pressure for more
efficient power generation (reduced CO, emissions). These properties are given by the steel microstructure,
which is controlled through the metallurgical strategies here applied [29-31].

© 2022 The Author(s). Published by IOP Publishing Ltd
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Figure 1. Type of ingots cast at lab scale, type of bars forged from the ingots (dilatometry samples and cylinders treated and investigated
were cut from the forged bars), furnace and salt bath installation used in the lab scale heat treatments.

2. Materials and methods

The innovative composition and thermal treatment of COIN2 were selected according to bibliography, the
commercial software JMatPro (British Thermotech), and studies on a LINSEIS L78 RITA dilatometer, pursuing
the microstructural control and the mechanical improvement. In particular, the critical temperatures for phase
transformations (Acl, Ac3, Ms, Mf) were obtained by means of a LINSEIS L78 RITA dilatometer using
cylindrical samples 3 mm in diameter and 10 mm in length, by applying the tangent method to the normalizing
curve. With this information, martensite transformation curves could be calculated. Therefore, quenching
temperatures for the martensitization step that correspond to 10% and 30% of untransformed austenite (MT10
and MT30) could be also determined. The heating rate applied was 5 °C s~ for normalizing, and 15 °Cs ™ for
tempering; the cooling rate applied was 20 °C's ™ '; the dilatometry experiments were carried out in Helium
atmosphere. The holding time for normalizing as well as for martensitization step was 4 min, keeping a holding
time of 8 min for tempering.

An induction furnace INDUCTOTHERM VIP POWER TRACK 50 kW) with a capacity of 30 Kg was
employed for ingot casting in air. Once the lab scale ingot had been forged, muffle furnaces and a salt bath
installation were used to apply the thermal treatments on lab scale cylinders (figure 1).

Infrared absorption (LECO” CS 400 Carbon/Sulfur Determinator) and plasma emission spectrometry
(Varian Vista MPX simultaneous Induced Coupled Plasma Optical Emission Spectrometry analyser) were used
for the chemical analysis of the composition. The microstructure of the steel samples was analysed by optical
microscopy (LEICA microscope), and Environmental Field Emission Scanning Electron Microscopy coupled
with Energy Dispersive x ray spectroscopy (FESEM EDX). Grain structure of the samples was revealed by a 3%
Nital solution. The structure of the samples was investigated by x-ray diffraction (XRD) measurements taken at
room temperature on a X Pert diffractometer (Cu Ka radiation) and analysed by X’Pert HighScore software.

The tensile properties were measured at room temperature with a tensile test equipment (INSTRON 5501).
AFV 700 FUTURETECH Vickers Hardness Tester was utilized for the determination of the hardness values.
The creep resistance was analysed using a creep test machine (in-house IPM designed) (load capacity of 8 kN
between 150 °C-950 °C): the tests were done in constant load regime in Ar; the specimen elongation was
recorded and the strain rate was calculated by test monitoring software; specimen dimensions = 6 mm in
diameter, gauge length = 35 mm.

3. Results

3.1. Experimental procedure

The novel steel grade COIN2 was fabricated at lab scale to be compared to P92 and COIN steel grades previously
produced by the authors at the same scale [32]. COIN2 experimental steel grade was fabricated by remelting the
commercial steel P92 and adjusting its composition. After casting, the COIN2 steel grade was subjected to
forging and heat treating through to 2 thermal treatments: the standard thermal treatment of the P92
commercial steel grade (TT1) and the innovative thermal treatment (TT2). This way, two different grades were
produced for characterization: COIN2-TT1; COIN2-TT?2.
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Table 1. Composition (wt.%) of the COIN2
experimental steel grade (as cast steel sample).

Element ‘COIN2’ experimental steel grade
C 0.08-0.12
Mn 0.35-0.60
P, max. 0.020

S, max. 0.010

Si, max. 0.35-0.45
Cr 8-8.5

w 2.5-3.5
Co 2-2.5
Ni, max. 0.15-0.25
\ 0.15-0.20
Nb 0.04-0.06
Ta 0.04-0.09
Nd 0.010-0.060
B 0.006-0.010
Al, max. 0.02

N 0.03-0.04
Mo 0.55-0.80
Ti, max. 0.01

Zr, max. 0.01

Ce 0.03-0.07

Table 2. Critical temperatures (°C) for the COIN2 experimental steel grade.

Steel grade Acl Ac3 Ms Mf MT10 MT30

COIN2 827.9 982.3 402.8 233.6 301 337

3.2. Chemical analysis
The composition of the novel steel grade produced matches the one pursued with JMatPro and literature studies
(table 1). In table 1, the chemical composition of the experimental steel grade COIN2 is shown.

3.3. Thermal treatments investigation
In order to design the thermal treatments to apply on the COIN2 experimental steel grade, previous
investigations on this material were carried out through dilatometry.

The standard thermal treatment (TT1) is based on a normalizing treatment (1060 °C) followed by
tempering.

On the other hand, the innovative thermal treatment (TT2) to be applied on COIN2 increases the
normalizing temperature approximately 100 °C, reduces the tempering temperature 15 °C, and adds a
martensitization step (intermediate step between normalizing and tempering where the steel after normalizing is
cooled down to a temperature below Ms and above RT to retain a certain percentage of austenite). Such a novel
processing route pursues an enhanced control of the microstructure [29].

Two percentages of retained austenite were selected to be obtained and explored: 10% and 30%. Therefore,
two martensitization temperatures (MT) were chosen for COIN2 experimental steel to retain 10% (MT10) and
30% (MT30) of austenite, respectively.

The critical temperatures: Acl, Ac3, Ms, and Mf of COIN2, together with the temperature for which a 10%
of austenite is retained for this grade (MT10), and the temperature for which a 30% of austenite is retained for
this grade (MT30), were determined from the dilatometry curve obtained when normalizing the COIN?2 steel
grade at 1060 °C. In table 2, the values obtained have been collected.

Accordingly, dilatometry samples of COIN2 were subjected to the innovative treatment (TT2) in two ways:
(i) involving a martensitization at 301 °C (MT10), and (ii) involving a martensitization at 337 °C (MT30),
(figure 3). The microstructure (figure 4) and hardness properties of the samples obtained (COIN2-TT2-301,
COIN2-TT2-337) were studied in order to select the M T that offers best properties and treat this experimental
steel grade accordingly at higher scale. The standard process was also applied to dilatometry samples of this grade
(COIN2-TT1), which were conveniently characterised for comparison.
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Delta-L (pum)

Figure 2. Dilatometry profile of COIN2-TT1: Normalizing involving a primary transformation (austenite to martensite), followed by
tempering.

Delta-L {um)

1200
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Figure 3. Dilatometry curves of COIN2-TT2-301 (a) and COIN2-TT2-337 (b). The more and less abrupt secondary transformations
due to the martensitization can be observed.

After the application of TT1, tempered martensite is usually obtained (figure 2), since the composition of the
steel grade potentially provides enough hardenability to facilitate the formation of martensite after normalizing
without the necessity of applying too rapid cooling, and such martensite is then tempered.

With TT2, other options may arise. Based on literature [29], in the martensitization, the transformation of
austenite into martensite is interrupted at certain temperatures (MT10 or MT30) at which some austenite (10%
or 30%) can be retained and stabilized with the martensite formed. Afterwards, in tempering, that austenite may
transform into ferrite and carbides/carbonitrides, and martensite is tempered. Even so, Santella et al [30] affirm
that previously retained austenite is stable when tempering, giving fresh martensite in the final air cooling, which
then coexists with the tempered martensite, thus increasing the steel hardness. Considering dilatometry profiles
(figures 2 and 3), a primary transformation is experimented by the austenite obtained in normalizing, giving
martensite (TT1) and some retained austenite (TT2). The latter is stabilized in the martensitization,
experimenting a secondary transformation on cooling after tempering (figure 3). CCT curves suggest austenite
transforms into ferrite at 800 °C, and into martensite at 400 °C. As this secondary transformation occurs at 400
°C, it confirms the possibility of the formation of fresh martensite from the austenite previously retained and
stabilized [30, 33, 34]. The fresh martensite mentioned would coexist with the tempered martensite originally
obtained in the primary transformation [30].

Comparing the dilatometry curves of COIN2-TT2-301 and COIN2-TT2-337, a more pronounced
secondary transformation can be observed for a more elevated MT, because higher MT induces a higher amount
of austenite retained and secondarily transformed (figure 3).

In thermal treatments TT2-301 and TT2-337 (figure 3), the primary transformation after normalizing
(austenite to martensite) is stopped at MT10 (301 °C) to retain 10% of austenite and at MT30 (337 °C) to retain
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(@) (b) (c)

Figure 4. Microstructure of the COIN2 dilatometry samples after thermal treatment (Nital etching): COIN2-TT1 (a); COIN2-
TT2-301 (b); COIN2-TT2-337 (c).
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Figure 5. Phases and precipitates observed by FESEM EDX after TT1 (dilatometry sample: COIN2-TT1).

30% of austenite, which, after tempering, experiment a secondary transformation at 400 °C (indicated in red).
The secondary transformation can be appreciated better if a higher percentage of retained austenite is
transformed, and is given after the tempering of the martensite obtained in the primary transformation.

As expected, in TT1 (figure 4), tempered martensite is observed (in dark colour). However, clear islands of
ferrite appear throughout the microstructure, maybe due to insufficient hardenability of the steel grade or a
cooling rate after normalizing lower than necessary for a fully martensitic microstructure.

As it can be seen in figure 4, for higher MT (337 °C versus 301 °C), more austenite is retained and
transformed at the end of the thermal treatment. The result of this secondary transformation appears in clear
colour and could correspond to fresh martensite [30]. In addition, the possibility of ferrite formation after
normalizing (as in TT1) or during tempering (from the austenite retained and stabilized, according to Tamura
etal[29]) cannot be disregarded. More retained austenite also implies a lower concentration of martensite
formed after normalizing and subsequently tempered (in dark colour). This type of martensite exhibits a more
chaotic arrangement and laths of larger size for samples of higher MT.

The dilatometry samples COIN2-TT1 and COIN2-TT2-337 were studied by FESEM EDX in order to
qualitatively analyse the different phases and the content of precipitates found in TT1 and TT2. After applying
the standard thermal treatment TT1 (figure 5, left image), dark tempered martensite together with clear ferrite
islands can be observed. After the innovative thermal treatment TT2-337 (figure 6, left image), two different
types of martensite can be distinguished (fresh martensite in clear colour, and tempered martensite in dark
colour) [35]. Moreover, micro and nanoprecipitates containing elements such as Ce, Nd, and Nb, or Band N, as
well as containing W and Mo can be observed (figures 5 and 6).
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Figure 6. Phases and precipitates observed by FESEM EDX after TT2-337 (dilatometry sample: COIN2-TT2-337).
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Figure 7. X-ray diffraction patterns of the dilatometry samples COIN2-TT1, COIN2-TT2-301, COIN2-TT2-337.

In order to determine the main phases present in the microstructure of the as-treated dilatometry samples,
they were subjected to x-ray diffraction analysis (figure 7).

As observed in figure 7, the x-ray diffraction patterns of the three samples show predominantly phases with
bec structure, which could correspond to tempered martensite and ferrite in case of TT1, and to tempered
martensite, fresh martensite [30] and ferrite [29] in case of TT2, thus confirming the results observed through
dilatometry and microscopy techniques [36]. The main phase identified is martensite, as it is not possible to
distinguish between ferrite, fresh martensite, and tempered martensite (the three of them can be present but
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(a) (b)

Figure 8. Microstructure of the treated cylinders (Nital etching): COIN2-TT1 (a) and COIN2-TT2-337 (b).

Table 3. Average values of the Vickers microhardness (100 g load) for the
dilatometry samples of COIN2.

Steel COIN2- COIN2-
Sample COIN2-TT1 TT2-301 TT2-337
HV0,1 267 £ 4 336 £ 18 380 + 16

only martensite/ferrite diffraction planes are identified): (110), (200), (211), (220), (310), respectively at 44,5°,
65°,82°,98,5°,116°.

Table 3 shows the Vickers microhardness of the dilatometry samples COIN2-TT1, COIN2-TT2-301,
COIN2-TT2-337.

As observed for COIN2 (table 3), when the microstructure is formed at a higher MT (more retained
austenite), it yields more elevated microhardness. Considering these results, TT2—337 thermal treatment was
designated for additional studies of COIN2, as well as TT1 for comparison.

The application of thermal treatments on lab scale samples and the corresponding characterization will help
understand the microstructure evolution as well as derived mechanical behaviour given at such scale.

3.4. Thermal treatments application

Considering the characteristics shown at dilatometry scale, the heat treatments chosen to be applied on COIN2
atlab-scale were: TT1 and TT2-337. 100 mm X 45 mm cylinders were machined from the COIN2 steel grade in
as-forged condition and thermally treated accordingly (TT1 and TT2-337) by muffle furnaces and a salt-bath
installation. The samples after treatment were named similarly to the dilatometry samples, and were subjected to
characterization at microstructural and mechanical level, as well as to the study of their creep behaviour. The
characterization of the microstructure of the treated cylinders COIN2 was carried out by optical microscopy and
x-ray diffraction.

3.5. Characterization
The microstructure of the treated cylinders COIN2-TT1 and COIN2-TT2-337 is shown in figure 8.

In COIN2-TT1 (figure 8(a), tempered martensite can be observed in dark colour, together with clear islands
of ferrite that appear throughout the microstructure. The formation of ferrite could be due to insufficient
hardenability of the steel grade for a fully martensitic microstructure.

In the case of COIN2-TT2-337 (figure 8(b)), a high percentage of austenite is retained and transformed at
the end of the thermal treatment (secondary transformation) giving rise to fresh martensite that appears in clear
colour [30]. There is also the possibility of ferrite formation after normalizing (as in TT1) or during tempering
(from the austenite retained and stabilized, according to Tamura et al [29]). The high percentage of fresh
martensite implies alower concentration of martensite formed after normalizing and subsequently tempered (in
dark colour). This type of martensite exhibits a more chaotic arrangement and laths of larger size in COIN2-
TT2-337 rather than in COIN2-TT1.

The results observed at this scale are similar to those observed in dilatometry samples of COIN2 steel grade
for the same thermal treatments.
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Figure 9. X-ray diffraction patterns of COIN2-TT1 (below) and COIN2-TT2-337 (above).

Table 4. Average Vickers hardness values (10 Kgload)
for the treated cylinders COIN2-TT1 and COIN2-
TT2-337.

Steel Sample COIN2-TT1 COIN2-TT2-337

HV10 255+ 3 314 £6

X-ray diffraction measurements were performed on the treated cylinders COIN2-TT1 and COIN2-
TT2-337 in order to determine the predominant phases present in their corresponding microstructures
(figure 9).

Similarly to the x-ray diffraction patterns of the dilatometry samples, the x-ray diffraction patterns of the
treated cylinders COIN2-TT1 and COIN2-TT2-337 (figure 9) show the presence of phases with bee structure,
which could correspond to tempered martensite and ferrite in case of TT1, and to tempered martensite, fresh
martensite [30] and ferrite [29] in case of TT2, thus supporting the results observed through microscopy
technique [36]. The main phase identified is martensite, as it is not possible to distinguish between ferrite, fresh
martensite, and tempered martensite (the three of them can be present but only martensite/ferrite diffraction
planes are identified): (110), (200), (211), (220), (310), respectively at 44,5°, 65°, 82°,98,5°, 116°.

In figure 9, in the case of COIN2-TT1, there are some diffraction peaks of low intensity that correspond to
the Fe;W;C carbide (cubic, Fd-3 m, diffraction peaks at 2Theta: 32,5°, 35,5°,40°, 42,5°, 46,5°, 65°,72,5°).
Fe;W;C carbide is formed near 800 °C-900 °C and can grow when subjected at higher temperatures such as
1000 °C. However, if the temperature is further increased, this type of carbides can react or dissolve, and will not
be present after quenching [37]. In the case of TT2, the normalizing temperature (1150 °C) is higher than that
corresponding to TT1 (1060 °C), which could be the reason why, according to the XRD diffraction
measurements, FesW;C carbide can be detected in TT1, but not in the case of TT2.

The Vickers hardness and tensile properties of the treated cylinders COIN2-TT1 and COIN2-TT2-337 were
measured at RT (tables 4 and 6).

In the case of COIN2, the TT2 produces higher hardness values in comparison to TT1.

8
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Figure 10. Stress (MPa) versus Strain (%) of COIN2-TT1 (three test samples below) and COIN2-TT2-337 (four test samples above).
Fracture surfaces: COIN2-TT1 (left), COIN2-TT2-337 (right).

Table 5. Average Vickers microhardness values (50 gload) for the treated cylinders COIN2-TT1 and COIN2-TT2-337.

Steel Sample Phase of different aspect HV0,05 Possible correlation
COIN2-TT1 Dark 246 + 4 Tempered martensite

Round clear 272 £3 Ferrite
COIN2-TT2-337 Dark 297 £5 Tempered martensite

Polygonal clear 353 £2 Fresh martensite

Round clear 317 £ 1 Ferrite and carbides/carbonitrides

Table 6. Tensile properties at RT of the treated cylinders COIN2-
TT1 and COIN2-TT2-337.

Steel Sample COIN2-TT1 COIN2-TT2-337
Tensile Strength (MPa) 763 + 2 940 + 4
Yield Strength (MPa) 558 + 1 730 & 5
Elongation (%) 20 + 4 16 + 6
Reduction of Area (%) 64 £ 1 58 +2

In order to analyse in detail the different phases found in the treated cylinders COIN2-TT1 and COIN2-
TT2-337, microhardness measurements were performed on each phase of the samples exhibiting different
aspect (table 5).

The values obtained support the hypothesis of the microstructures described in COIN2-TT1 (tempered
martensite, ferrite) and COIN2-TT2-337 (tempered martensite, fresh martensite, ferrite with carbides and/or
carbonitrides).

For COIN2 steel grade (table 6 and figure 10), the tensile properties are improved with TT2 (innovative
thermal treatment) in relation to TT1 (standard treatment).

Taking into account the properties of the treated cylinders of COIN2 steel grade, the innovative thermal
treatment TT2 (higher austenitization temperature, higher quenching temperature after normalizing, and lower
tempering temperature) originates more retained austenite (given by a more elevated martensitization
temperature) and thus a higher amount of the corresponding phases after secondary transformation, which
results in higher values of hardness and an improved balance of tensile properties.

The short-term creep response of the two treated cylinders COIN2-TT1 and COIN2-TT2-337 was studied
at 650 °C (table 7). The stress values to apply were selected based on the creep behaviour observed in each case.

Asitisshown in table 7, COIN2-TT2-337 presents a longer creep lifetime in comparison to COIN2-TT1.

The creep response of COIN2-TT1 and COIN2-TT2-337 is presented in figure 1 1. COIN2-TT2-337
exhibits a creep behaviour considerably enhanced in relation to COIN2-TT1. This considerable enhancement is
obtained by applying TT2 (innovative thermal treatment) in comparison to TT1 (standard thermal treatment).
The creep ductility of COIN2-TT2-337 is in the range of 10%—25%, which is acceptable. The fracture has ductile
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Figure 11. Time to rupture (h) versus Stress (MPa), and Rupture strain (%) versus Stress (MPa): COIN2-TT1 (X); COIN2-TT2-337
(ring). Fracture surfaces: COIN2-TT1 (left), COIN2-TT2-337 (right).

Table 7. Creep tests of COIN2-TT1 and COIN2-TT2-337.

Time to
Thermal rupture Stress
Grade Temperature (°C) treatment (h) (MPa)
COIN2 650 TT1 5,7 180
488,8 140
2172,0 120
TT2-337 732,1 180
1447,2 160
2395,6 140

character with visible necking. The creep results are congruent with the hardness, tensile, and microstructural
properties.

4, Discussion

These results indicate the new composition COIN2 presents a better creep response than the innovative
composition COIN, which, at the same time, is more creep competitive than the standard composition P92
produced at lab scale [32]. Nevertheless, the main enhancement in terms of creep behaviour is obtained when
applying the innovative thermal treatment TT2 in relation to the standard thermal treatment TT1, as indicated
by the substantial improvement found for COIN2-TT2-337, COIN-TT2-342, and P92-TT2-331 steel grades in
comparison to COIN2-TT1, COIN-TT1, and P92-TT1 steel grades, respectively [32].

In summary, the influence of the innovative thermal treatment on the steel properties is considerably higher
than the influence of the composition innovation [32].

According to the properties observed in COIN2, the innovative thermal treatment TT2 of highest quenching
temperature after normalizing and before tempering (martensitization temperature, MT) generates more
retained austenite to undergo the secondary transformation into fresh martensite [30] and/or ferrite with
carbides/carbonitrides [29], which originate higher values of hardness and an improved balance of tensile and
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creep behaviour in relation to the application of TT1 (standard thermal treatment) or other innovative thermal
treatments with MT temperatures lower than MT30.

Besides, the microprecipitates and nanoprecipitates formed exhibit high thermal stability that may support
the creep behaviour detected [38, 39].

5. Conclusions

+ Theresults of the characterization reveal a significant property improvement with the innovative thermal
treatment, contributing to the production of a novel and more competitive steel grade for creep applications.

+ Though, the reported research corresponds to castings and thermal treatments carried out at lab scale. For this
reason, future investigations will be necessary to successfully scale up this experimental research to the
industrial level.
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