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Abstract: Well-defined heat-treatment guidelines are required to achieve the target mechanical
properties in high-chromium steels for forgings.  Moreover, for this class of materials,
the microstructure evolution during heat treatment is not clearly understood. Thus, it is particularly
important to assess the steel microstructure evolution during heat treatment, in order to promote the
best microstructure. This will ascertain the safe use for long-term service. In this paper, different
heat treatments are considered, and their effect on a 7% Cr steel for forging is reported. Results show
that, following the high intrinsic steel hardenability, significative differences were not found versus
the cooling-step treatment, although prior austenite grain size was significantly different. Moreover,
retained austenite (RA) content is lower in double-tempered specimens after heat treatments at
higher temperatures.
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1. Introduction

In the energy industry, every steel component is asked to have a long service duration (often
longer than 30 years). The possibility to produce forged steel components characterized by high
mechanical properties and competitive costs has gained more and more importance in the last years.

Medium-carbon steels have been widely used for primary energy-plant-production applications
due to their excellent performances. This often needs to face with strong requirements in terms of severe
service conditions (high temperature, high pressures, corrosion issues, nuclear irradiation, etc.) [1-4].

In the case of energy-sector applications (especially in o0il and gas), corrosion resistance issues are
often coupled with demanding mechanical requirements: in such cases, carbon steel is often cladded
with stainless steels or even nickel superalloys [5-7].

Concerning mechanical properties, it is well-known that they strongly depend on grain size and
steel alloying (through solution and precipitation hardening mechanisms), as discussed in the literature.
Morito et al., reported the effect of microstructure refining [8]; Fan et al., discussed microstructural
and precipitation effect on high-chromium steels microstructure [9]; Akbarzadeh et al., studied
the hot workability of high-carbon and high-chromium steel [10]. The microstructure evolution in
medium-carbon steel is well described in Reference [11], and the phase transformation evolution in
high-strength low-alloyed steels is reported in Reference [12]. Some authors reported that limited
amounts of retained austenite have a beneficial effect on mechanical properties [13]. It is reported
that grain-size refinement should increase the yield strength up to three times [14-16]. Moreover,
such a strengthening mechanism can allow the best balance of strength/toughness combination [17-19].
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Solution-hardening mechanisms, if properly activated by the addition of elements, allows us to increase
the wear, fatigue and high-temperature behavior [20-23].

As far as microstructure refinement is concerned, in recent years, there has been an intense focus
on plastic-deformation processes, such us forging technologies [24-27]. In fact, it is reported that
forging is a method for grain-size refinement via plastic-deformation accumulation. This enhances the
material strength and toughness. The raw materials’ internal cracks and defects can be reduced during
forging, as well as mean grain size, thus allowing for a more uniform grain-size distribution [28,29].
Chaudhari et al. [30-33] reported that the grain size is clearly refined after steel multidirectional forging.
This leads to the formation of fine austenite grains following the activation of continuous dynamic
recrystallization and dynamic recovery. They showed that fine grains’ formation is beneficial in terms
of tensile strength and hardness enhancement. Gosh et al. [34] outlined that the material mechanical
properties’ best combination is found in the case of pure ferrite microstructure.

In high-Cr-bearing steels micro-alloying strengthening phenomena are reported to be effective to
refine grains during thermomechanical processing. Kvackaj et al., analyzed austenite deformation
behavior during thermomechanical processing of Nb-Ti micro-alloyed steel. They studied
thermomechanical cycles aimed to favor the formation of (i) recrystallized austenite, (ii) un-recrystallized
austenite, and (iii) ferrite-pearlite microstructures [35]. De Ardo reported micro-alloyed forged steels,
emphasizing the possibility that pearlite-ferrite microstructures (formed during air cooling) can
exhibit final strengths and fatigue resistances similar to those of the more expensive heat-treated
steel [36]. Opiela reported the effect of thermomechanical processing on the microstructure and
mechanical properties of Nb-Ti-V micro-alloyed steel [37]. Di Schino reported forging simulation
and microstructure evolution of large-scale ingot in micro-alloyed tool steel [38]. Zitelli et al.,
recently discussed vanadium micro-alloyed steels for large-scale forged ingots, with the aim to
balance production costs with the industrial demand of forged steels with high tensile properties.
They demonstrated, at a laboratory scale, that ASTM A694 F70 forged-steel grade requirements can be
fulfilled by a vanadium micro-alloyed steel with an addition of 0.15% V (plus proper heat treatment),
consisting of a ferrite-pearlite microstructure [39]. Mancini et al., reported defect reduction and quality
optimization by modeling plastic deformation and metallurgical evolution in ferritic stainless steels [40].
Moreover, substitutional strengthening mechanism in 7-12% Cr carbon alloyed steels has been widely
studied and proved to have an excellent mechanical properties combination [41-44]. Among them,
7% Cr steels are nowadays proposed by many steelmakers for being quite promising in terms of
properties/cost combination instead of the more common 9-12% steels.

Commonly, after casting, the steel ingots are deformed (forging) and heat treated. Such heat
treatment, called preheating treatment or after-forging heat treatment, is aimed to develop the
target microstructure for the desired mechanical properties. Finally, the heat-treatment sequence for
high Cr steels (also called quality heat treatment) includes austenitization, followed by quenching
and high-temperature tempering (Q & T). The microstructure of the final products typically
consists of tempered martensite, undissolved carbonitrides, and/or re-precipitated carbonitrides [45].
The austenitizing temperature and soaking time determines the partitioning of carbon and alloying
elements between the austenite and carbonitrides. In this processing step, a temperature increase
leads to an increase of the carbonitrides dissolution degree with a positive effect on the mechanical
properties [46-48]. After austenitization, cooling to below the martensite start temperature (Ms) leads
to martensite formation. In its as-quenched martensitic condition, the steel is hard and brittle and may
contain “pockets” of retained austenite (RA). The quenching step is followed by a high-temperature
tempering step (in the range of 500-650 °C), to reduce brittleness and increase ductility and toughness by
reducing residual stresses. All the parameters involved in a particular heat-treatment process strongly
affect the steel final microstructure, e.g., austenitization temperature, holding time, quench medium,
cooling rate, tempering temperature, and holding time. Well-defined heat-treatment guidelines are
therefore required to assist the manufacturer in the selection of the correct heat treatment for achieving
the target properties.
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Ultimately, the microstructure evolution during the heat treatment of high-Cr steels is still not
clearly understood. Thus, the understanding of microstructure evolution during heat treatment in
wt.% Cr steel became a key factor for a safe long-term-service steel-microstructure design.

In this paper, the heat-treatment effect on a 7% Cr steel for forging is reported. Different heat
treatments are considered. The resulting microstructure evolution is analyzed.

2. Materials and Methods

The steel nominal chemical composition is reported in Table 1.

Table 1. Main chemical composition of the considered materials (mass, %).

C Cr Mo Mn Ni Si A% Fe
042 70 070 0.65 <020 050 0.10 Balance

Specimens were withdrawn, starting from a sample-ingot for Continuous Cooling Temperature
(CCT) diagrams determination. CCT diagrams were derived based on the dilatometry experiments
carried out on 10 mm in length, 6 mm in diameter specimens, with controlled cooling rate.
Microstructure analysis and hardness measurements of heat-treated specimens were performed
by means of Light Microscopy (LM), after 4% Nital etching and Brinell indenter (HB). Prior austenite
grain size was measured by image analysis software after samples etching in 10 g of CrO3, 50 g of
NaOH, 1.5 g of picric acid, and 100 mL of distilled water solution, at room temperature, for 20 s.
After etching, specimens were cleaned and dried.

The following heat treatments’ cycles were the performed by means of dilatometer (Table 2 and
Figure 1).

Heat treatments were designed with the aim to obtain different microstructures in terms of retained
austenite content. Austenite transformation during the different steps of a laboratory manufacturing
route that is reproducing an industrially relevant process was considered. In particular, the following
four microstructural families were targeted:

(1) Quenching and partitioning (specimen Q & P): Such heat treatment is here investigated based on
very promising results reported on its effect on 9% Cr steels [49].

(2) Partially transforming austenite during first quenching at 280 °C (specimens n. PT-y-1 to PT-y-4).

(3) Partially transforming austenite during secondary cooling at 220 °C (specimens n. PT-y-5 to
PT-y-8).

(4) Quenching (specimens Q, 100% martensite), quenching and tempering (specimens Q & T).

(5) Specimens PT-y-1 and PT-y-5 did not undergo any tempering; specimens PT-y-2 and PT-y-6 just
underwent first tempering treatment at 533 °C; specimens PT-y-3 and PT-y-7 were subjected to
second tempering at 528 °C; specimens PT-y-4 and PT-y-6 were subjected to second tempering at
505 °C.

In order to investigate the possible presence of retained austenite, X-Ray Diffraction (XRD)
measurements were performed on heat-treated specimens. XRD analysis was carried out, using a
Siemens D500 diffractometer (Siemens, Munich, Germany) equipped with Co-tube radiation and
a graphite-monochromator on the detector side, with step size (20) of 0.05° and counting time of
5 s/step. The effect of possible texture was eliminated by a rotating fixture on the goniometer. Since
low RA contents are expected in this class of steels, facing with XRD technique sensitivity, particular
attention has been devoted to spectra postprocessing analysis. In particular, in order to avoid peaks
overlapping, and thus to extract information also from “hidden peaks”, spectra were processed by a
tool specifically developed for peaks deconvolution (Figure 2). Three specimens were analyzed for
each heat-treatment condition.
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Table 2. Heat treatments’ sequence.

40f13

Nr Austenitization  Interrupted Quenching Heating Cooling down to
T(O t(s) T (O t(s) T (°C) t(s)
Q&P 150 12 °C/hup to 220 °C
PT-y-1 12 °C/h up to 220 °C
PT-y-2 280 12 °C/hup to 220 °C
PT-y-3 980 10,800 3600 450 3600 12°0/h up t0 220 °C
PT-y-4 12 °C/h up to 220 °C
PT-y-5 12 °C/hup to 220 °C
PT-y-6 400 12 °C/h up to 220 °C
PT-y-7 12 °C/h up to 220 °C
PT-y-8 12 °C/hup to 220 °C
Nr First Tempering Cooling down to Tesnelgc):;i(:lg Cooling down to
TCO  t) T (°O) t(s) TCO  t(s)
Q&P 505 °C x 57,600 s 505 °C x 57,600 s
PT-y-1 No tempering No tempering
PT-y-2 533 °C x 57,600 s No tempering
PT--3  533°C x 57,600 s 300 °C/3600 s 528°C x 57,6005  R00m temperature
PT-y-4 505 °C x 57,600 s 505 °C x 57,600 s
PT-y-5 No tempering No tempering
PT-y-6 533 °C x 57,600 s No tempering
PT-y-7 533 °C x 57,600 s 528 °C x 57,600 s
PT-y-8 505 °C x 57,600 s 505 °C x 57,600 s
Nr Austenitization Quenched to First Tempering  Second Tempering
Q 980 °C x 3600 s KT
Q&T RT 533 °C x 57,600 s 528 °C x 57,600 s

Electron Backscattered Diffraction (EBSD) measurements were performed in selected cases,
with the aim to detect the presence and position of retained austenite islands, by means of a JEOL
field emission gun scanning electron microscope (FEG-SEM) (JEOL Ltd., Tokyo, Japan), using a
0.12 um scanning step size. Retained austenite was revealed by building up phase maps, taking
into account both face-centered cube (fcc) and body-centered cube (bcc) phases: automatic image
analysis of such maps allowed us to determine retained austenite volume fraction. The precipitation
state was analyzed by transmission electron microscope (TEM) on extraction replica specimens.
The observations were performed with a JEOL 200CX transmission electron microscopy (JEOL Ltd.,
Tokyo, Japan). The hardness dependence upon heat treatments was assessed by means of Brinell
hardness measurements.
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Figure 1. (a) Heat-treatment cycle as performed on Q & P specimen; (b) heat-treatment cycle as

performed on specimens from PT-y-1 to PT-y-4; (c) heat-treatment cycle as performed on specimens
from PT-y-5 to PT-y-8.
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Figure 2. Example of XRD peak deconvolution.

3. Results and Discussion

3.1. Continuous Cooling Transformation

CCT diagrams were determined after austenitization at two different temperatures: 980 and 1200
°C. The first temperature is typical of that commonly adopted during quality heat treatments, and the
second one of the final forging-process passes (before cooling). A 30 min soaking time was considered.
Dilatometric curves acquired in order to build up the steel CCT are reported in Figures 3 and 4,
respectively. The green cooling curve reported in Figure 4 represents the first cooling undergone by all
specimens reported in Table 2. This assures that, in the case of complete quenching, a fully martensitic
microstructure was achieved (specimens Q and Q & T). On the other hand, this also assures that, in the
case of partial quenching, a mixed martensite-austenite microstructure is obtained (specimens Q & P
and PT-y-1 to PT-y-8).

— 0.54°C/s
) 0.34°C/s
% 0.023 °C/s
0.011°C/s

AL/LO

Temperature (°C)

@

0.54°C/s
0.34°C/s
0.023 °C/s
0.011 °C/s

AL/LO

Temperature (°C)

(b)
Figure 3. Dilatometric curves of the considered steel: (a) austenitization at 980 °C; (b) austenitization
at 1200 °C.
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Figure 4. CCT diagrams of the considered steel (austenitization at 980 °C, blue curve; austenitization at
1200 °C, red curve). Green cooling curve: first cooling undergone by all specimens reported in Table 2.

The results show that, even if prior austenite grain size were quite different, significative differences
are not found in the cooling behavior (Figure 5). In particular 10 and 75 um grain sizes were measured
in specimens after austenitization at 980 and 1200 °C, respectively. These results were expected
following the high intrinsic steel hardenability due to the high C and Cr content.

£, K
ﬁ’;“
SE e A
e e

Figure 5. Austenitic grain size of two specimens after austenitization at 980 °C (a) and 1200 °C (b).

3.2. Retained Austenite Evolution

Selected XRD spectra of specimens reported in Table 2 are shown in Figure 6. Even if retained
austenite values are quite low, it is clear from the spectra reported in Figure 6 that it is possible
to discriminate between specimens characterized by RA presence (e.g., Figure 6, specimen PT-y-2)
and specimens where XRD is not able to detect any RA (<2.0%) (e.g., Figure 6, specimen PT-y-3).
Retained austenite contents, as measured by means of XRD spectra analysis, are reported in Table 3.
XRD measurements were confirmed, in selected cases, by phase maps analysis, as obtained by means
of EBSD (Figure 7). In particular, 1.7% retained austenite content was measured in specimen PT-y-2 by
EBSD (to be compared to 2.5% as measured by XRD) and 1.2% in specimen PT-y-3 (to be compared to
<2.0% as measured by XRD). The low discrepancy obtained by EBSD with respect to XRD is justified
by the two different adopted techniques [50]. The agreement between RA contents, as measured by the
two different methods, makes the results reported in Table 3 consistent, even if their absolute values
are quite low (in the proximity of XRD-technique sensitivity).
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Figure 6. XRD spectra of selected heat-treated specimens: (a) specimen PT-y-2 and (b) specimen PT-y-3.

to retained austenite.

(@)
Figure 7. Phase maps by EBSD (a) specimen PT-y-2 and (b) specimen PT-y-3. Green areas correspond

(b)
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Table 3. Retained austenite content as a function of performed heat treatments (three measures for
each specimen are reported).

Specimen n. RA (%)
Q&P 24;24;23
PT-y-1 2.3;2.2;2.3
PT-y-2 2.5;,2.6;2.5
PT-y-3 <2.0;2.1;<20
PT-y-4 2.1;2.2;<2.0
PT-y-5 2.6;2.5;2.5
PT-y-6 22;2.1;23
PT-y-7 <2.0;<2.0;2.0
PT-y-8 27;3.0;2.4

Q 2.1;2.1;2.0
Q&T <2.0;2.1;<2.0

Specimens n. PT-y-3, PT-y-7 and Q & T, double tempered at higher temperatures (>528 °C),
show RA contents lower than 2.0%. All the other variants (reported in Table 3), with none or at a
lower second tempering temperature, show higher RA contents. It is worth outlining that such results
are independent from the microstructures obtained after cooling, according to Table 2. The other
specimens show RA content ranging from 2.4% to 2.7%: such specimens were subjected to double
tempering, but at a lower temperature (505 °C). The above considerations suggest that the double
tempering heat treatment at higher temperatures (>528 °C) allows us to reactivate retained austenite
that, during following cooling down to room temperature, decomposes in fine carbides

In fact, a very fine precipitation is detected in specimens PT-y-3 and PT-y-7 (average precipitation
diameter d, = 14.6 nm and d, = 16.4 nm, respectively), as shown in Figure 8. Such precipitates
were not detected in the other specimens. Finest precipitates (dp < 10 nm) were identified to be
chromium carbides vanadium rich. Vanadium presence was not detected in coarser precipitates.
The crystallographic lattice parameters’ measurements obtained by diffraction patterns analysis allowed
us to identify precipitates ranging d,, <5 nm as MC, precipitates ranging 5-10 nm as M,C. The largest
precipitates were classified as M»3Cg (ranging 70-200 nm) and M3C in the case of (dp > 200 nm).
The Brinell hardness HB dependence on retained austenite content is reported in Figure 9. Results
show that higher hardness values are found in the case of higher-retained-austenite-content specimens
(hence lower tempering temperature). Results suggest therefore that the presence of retained austenite,
also in a small amount, should exert a non-negligible effect. This means that manufacturers are
called for a specific heat-treatment design, depending on the final properties required for different
forged components.
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4. Conclusions

In this paper, the heat treatment effect on a 7% Cr steel for forging was reported. Different

heat treatments were considered, and microstructure evolution was analyzed. Heat treatments were

designed with the aim of obtaining the following four microstructural families:

)
@)
®)

@)

)
)]

®)

Quenching and partitioning (specimen Q & P);

Partially transformed austenite during a first quenching at 280 °C (specimens n. PT-y-1 to PT-y-4);
Partially transformed austenite during a secondary cooling at 220 °C (specimens n. PT-y-5 to
PT-y-8);

100% martensite (specimens Q just quenching, specimen Q & T quenching and tempering).

Results show the following:

Retained austenite content is lower in double-tempered specimens at temperatures higher than
528 °C;

The retained austenite disappeared after quenching down to room temperature and
double tempering;

The prior austenite grain size does not have an influence on the cooling behavior in this
specific steel.
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