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Abstract: Biphasic stainless steels provide an excellent combination of mechanical and corrosion
properties. The occurrence of ferrite spinodal decomposition during processing and heat treatment
can induce a dramatic drop in impact energy. In this paper, a forged rod of 480 mm diameter made of
2507 biphasic stainless steel was studied. The spinodal decomposition phenomenon upon aging at
475 ◦C (748 K) was investigated by macro- and micro-hardness tests on the constituent phases and by
Charpy impact tests. Then, the influence of the microstructural constituents and their morphology
on the crack path was studied by optical microscopy, noting possible correlations with the impact
energy. Successively, the fracture surfaces of selected specimens were analyzed by a scanning electron
microscope (SEM). Finally, reversion heat treatments at 550 ◦C (823 K) and 600 ◦C (873 K) were
investigated to evaluate the possibility of recovering the detrimental effects of the α′ embrittlement.
According to the literature, this procedure works well with some biphasic steels, but these steels are
characterized by a chromium content lower than that of 2507 grade steel. Regarding the 2507 grade
steel studied in this work, complete reversion was obtained by solution-annealing treatment, while
reversion heat treatments at both 600 ◦C (873 K) and 550 ◦C (823 K) allowed only a partial recovery.

Keywords: super duplex stainless steels; 475 ◦C embrittlement; transition curve; crack path; fractography

1. Introduction

Super duplex stainless steels are well known for their excellent mechanical properties,
corrosion resistance, and low-temperature toughness. For these reasons, they are commonly
employed in the industrial world, mainly in the oil and gas field, for high-demanding
applications. These outstanding potentialities are related to a rich and complicated chem-
ical composition that requires careful control of the high-temperature deformation and
the heat-treating parameters. In fact, a wide and complex precipitation response upon
thermal exposure above approximately 300 ◦C (573 K), with the formation of detrimental
embrittling phases, characterize such alloys [1–5]. For this reason, their employment in
service conditions associated with high temperatures is not recommended. For example,
limitations on the service temperature are prescribed for boilers and pressure vessels be-
cause of the high reduction in toughness. Regarding the F55 steel grade, both the VdTÜV
standards and the American Society of Mechanical Engineers (ASME) Boiler and Pressure
Vessel Code recommend a maximum service temperature of 250 ◦C (523 K) [6]. Among the
precipitation phenomena, the spinodal decomposition of ferrite is particularly critical in
the temperature range from 300 ◦C (573 K) to 500 ◦C (773 K).

Since the phenomenon kinetic is faster at about 475 ◦C (748 K), it is also known as
“475 ◦C (748 K) embrittlement” [7,8]. The spinodal decomposition of ferrite is related to
a local atomic reorganization of iron (Fe) and chromium (Cr), leading to the formation
of clusters in ferrite with a wide fluctuation in the local content of these elements. This
phenomenon decomposes the ferrite in the Fe-rich α and Cr-rich α′ regions [7,8]. The
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occurrence of such deleterious transformations can be detected not only by impact testing,
but also by a micro-hardness test. In fact, such testing determines a huge toughness loss,
together with a significant increase in ferrite hardness, which is related to the mismatch
of the elastic moduli and the lattice parameters between the α and α′ phases [7,8]. Suffi-
ciently long exposure in both isothermal and anisothermal conditions within the critical
temperature interval can be obtained not only during heat treatment and processing, but
also during service.

Regarding the heat treatments, the cooling of large components from the solution-
annealing temperature can be slow enough to activate undesired precipitation phenomena,
such as spinodal decomposition. For this reason, the heat-treatment parameters should be
carefully controlled and optimized, not only in terms of solution temperature and heating
time, but also in terms of cooling rates. Nevertheless, considering the low conductivity of
such materials, the presence of detrimental phases cannot be excluded for large components.
The spinodal decomposition could also affect welded parts. In fact, in the welding process,
the thermal cycle influences the microstructure in both the melted and the heat-affected zones.
In general, if the welding process is not carefully designed and carried out, an unbalanced
microstructure may result and precipitation of secondary phases may occur [9,10]. For this
reason, as specified by welding recommendations for duplex stainless steels, the welding
procedure must be carefully controlled, especially in terms of cooling rates, interpass tempera-
ture, and heat input. Moreover, preheating and post-heating are generally not recommended,
especially for these steel grades [9,10], and the interpass temperature is normally limited to
about 100 ◦C (373 K) to enhance the cooling process. When the required microstructural
balance and/or the absence of secondary phases cannot be ensured, a solution-annealing
treatment is mandatory [9,10].

The occurrence of deleterious phenomena can also be caused by the incompatibility of
the material with the service conditions or the presence of overheating with respect to the
standard operative parameters. In the technical literature [8,11,12], some researchers stud-
ied possible methods to recover the mechanical properties and the microstructural features
after the occurrence of 475 ◦C (748 K) embrittlement. One of the proposals involved “rever-
sion” heat treatments from 550 ◦C (823 K) to 600 ◦C (873 K). In fact, since this temperature
interval is above the α − α′ miscibility gap in the Fe-Cr system, the decomposition become
thermodynamically unstable, leading to dissolution of the α′ phase within α-ferrite [8,11,12].
For instance, according to the literature [11], in the steel grade UNS S32205, which contains
less chromium than UNS S32760, the maximum recommended duration of the reversion
treatment at 550 ◦C (823 K) is 60 min [11,12]. If the time in this temperature range exceeds
this limit, several detrimental intermetallic phases, such as R, secondary austenite, χ, and
σ phases, could precipitate within ferrite [8,11,12]. For this reason, as described in the
literature [8,11,12], the reversion heat treatment does not allow a complete reversion of the
initial pre-embrittlement mechanical properties. In addition, a reversion heat treatment
at temperatures above 600 ◦C (873 K) is not recommended because of the formation of
other detrimental secondary phases after very short times. This is clearly explained by the
isothermal precipitation diagram in Figure 1.

In this study, the modifications induced by the spinodal decomposition of ferrite are
investigated by macro-hardness and micro-hardness tests and by Charpy impact tests,
varying the soaking time at 475 ◦C (748 K). The crack path and its relationship with
the microstructure are studied by optical microscopy. Since the harmful effects of such
embrittlement can be deleted by a solution-annealing treatment, the toughness recovery at
1120 ◦C (1393 K) is studied, varying the soaking time. Then, the recovery of the material
properties by reversion heat treatments from 550 ◦C (823 K) to 600 ◦C (873 K) is investigated.
Finally, the fracture surfaces are analyzed by a scanning electron microscope (SEM) to study
the fracture micro-mechanisms.



Crystals 2023, 13, 1424 3 of 18

Crystals 2023, 13, 1424 3 of 19 
 

 

investigated. Finally, the fracture surfaces are analyzed by a scanning electron microscope 
(SEM) to study the fracture micro-mechanisms. 

 
Figure 1. Time-temperature precipitation curves for F55 grade steel [1,2]. The blue area represents 
the temperature range from 550 °C (823 K) to 600 °C (873 K) adopted for the recovery heat treatments 
investigated in this study. 

2. Materials and Methods 
We studied a commercial cylindrical rod with diameter equal to 480 mm and length 

equal to 70 mm. It was made of ferritic-austenitic F55-grade steel (� NS S32760) provided 
in as-forged condition. The chemical composition of the material adopted in this study is 
reported in Table 1. It is compatible with the compositional limits prescribed by the ASTM 
A182/A182M standard specification and by the Norsk Sokkels Konkuranseposisjon 
(NORSOK) standards [13,14]. The chemical composition analysis was performed by opti-
cal emission spectroscopy using a Horiba–Jobin Yvon OES spectrometer on samples taken 
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The samples for the investigation of reversion heat treatments were characterized by di-
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Figure 1. Time-temperature precipitation curves for F55 grade steel [1,2]. The blue area represents
the temperature range from 550 ◦C (823 K) to 600 ◦C (873 K) adopted for the recovery heat treatments
investigated in this study.

2. Materials and Methods

We studied a commercial cylindrical rod with diameter equal to 480 mm and length
equal to 70 mm. It was made of ferritic-austenitic F55-grade steel (UNS S32760) provided
in as-forged condition. The chemical composition of the material adopted in this study
is reported in Table 1. It is compatible with the compositional limits prescribed by the
ASTM A182/A182M standard specification and by the Norsk Sokkels Konkuranseposisjon
(NORSOK) standards [13,14]. The chemical composition analysis was performed by optical
emission spectroscopy using a Horiba–Jobin Yvon OES spectrometer on samples taken
close to the sampling positions of the Charpy V-notch specimens.

Table 1. Average chemical composition. Content of alloying elements in wt. % in the alloy investi-
gated in this study (Fe bal.).

C Mn Si Cr Ni Mo Cu N W S P

wt. % 0.03 0.66 0.51 25.80 7.10 3.70 0.59 0.29 0.64 0.001 0.02

Samples (15 mm × 60 mm × 70 mm) were taken from the circumferential direction, as
shown in Figure 2. They were solution-annealed at 1120 ◦C (1393 K) and water-quenched
according to the ASTM A182/A182M standard and the NORSOK standards [13,14]. Some
of them were successively cut into two halves (from each half, three Charpy V-notch
specimens can be machined) and aged at 475 ◦C (748 K) for times between 15 min and
360 min. The samples for the investigation of reversion heat treatments were characterized
by dimensions of 5 mm × 5 mm × 10 mm.
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The as-solution annealed material was characterized from the metallographic point
of view and the distributions of the austenite spacing and the size of austenite islands
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were investigated by light optical microscopy at 50×magnification. The average size and
the standard deviation in each direction and the overall mean values were determined in
accordance with the ASTM E112 [15] standard.

All the heat treatments were carried out using a laboratory Carbolite (model CWF13/13)
chamber furnace. After metallographic preparation, according to the conventional technique,
the samples were electrolytically etched in a KOH solution 10N for microstructural analysis
in accordance with the ASTM E407 [16] standard. In particular, samples were cut using
silicon carbide cut-off wheels with a Remet (model TR100 EV) cutting machine. Mounting
was performed in hot thermo-setting phenolic resin using a Metkon (model Ecopress
50) mounting machine. Grinding and polishing were carried out using a Struers (model
Pedemax 2 + Planopol 3) machine, up to mirror-polished condition. After that, electrolytic
etching was performed, adopting a voltage range from 2 V to 3 V and a time between 10 s
and 15 s, depending on the sample size. A Leica (model DMR) light optical microscope and a
Zeiss (modelSIGMA 500) scanning electron microscope were adopted for the metallographic
and fractographic analyses. The austenite-to-ferrite ratio was determined by image analysis
on optical micrographs at 50×magnification. In order to study the influence of the spinodal
decomposition on ferrite and austenite, the hardness of each constituent phase was measured
by a Vickers micro-hardness test, adopting a load of 0.05 kgf (HV0.05). The Vickers HV30
macro-hardness was also measured in each condition to study the influence of the spinodal
decomposition on the bulk properties. Hardness tests were carried out using a Future Tech
(model FM 700) micro-hardness tester and a Wolpert (model Testor 930) macro-hardness
tester according to the standard EN ISO 6507 standard [17]. The impact energy, in both the
solution-annealed and aged conditions, was determined by Charpy V-notch impact testing,
using a Wolpert Charpy pendulum according to the NORSOK standard, the ASTM A370
standard, and the ASTM E23 standard [14,18,19]. The test temperature was controlled with
a cryogenic cell. The NORSOK standard prescribes a minimum average absorbed energy
of 45 J (35 J single), with Charpy V-notch impact tests performed at −46 ◦C (227 K) [14]. In
each condition, three impact tests were performed. Then, the crack paths were studied in
selected conditions, cutting the impact specimen along a plane perpendicular to the notch
and positioned at half thickness. In each condition, the total crack length from the notch
tip was measured and compared to the nominal length of 8 mm. As shown in Figure 3,
the crack path can involve intra-ferrite, intra-austenite, and interphase regions. Since the
last contribution is often not easily distinguishable from the intra-ferrite fraction, these
contributions to the crack propagation path are summarized in a unique value in this study.
Clearly, high absorbed energy is associated with a large intra-austenite propagation. Finally,
the fracture surfaces of the Charpy impact specimens, which were adopted to investigate
both the spinodal embrittlement upon aging at 475 ◦C (748 K) and the ductile-to-brittle
transition curve of the as-solution annealed material, were analyzed by SEM.
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3. Results

In the solution-annealed condition, the microstructure analyzed by optical microscopy
was free of undesired intermetallic secondary phases, as required by the NORSOK stan-
dard [14]. The ferrite fraction was equal to 54.5% and it was calculated in accordance with
the ASTM E562 standard [20]. It is compatible with the range prescribed by the NORSOK
standard [14]. Figure 4 shows the micrographs obtained at the light-optical microscope
of the microstructure in the solution-annealed condition. The distributions of the austen-
ite spacing and the size of austenite islands were determined on optical micrographs at
50×magnification, considering the radial, circumferential and longitudinal directions of
the cylindrical rod. The average and the standard deviation in each direction of both the
austenite spacing and the austenite size are shown in Table 2. The global mean values were
calculated via Equation (1).

d = 3
√

drdldθ (1)

where dr, dl and dθ represent the average radial, longitudinal, and circumferential sizes,
respectively. Moreover, the related distribution histograms in all the directions are shown
in Figure 5.
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The investigation of the austenite spacing and the size of austenite islands is very
important because they can influence the mechanical properties, such as toughness and
fatigue resistance, as well as some microstructural features, such as nitrides precipitation. In
fact, as reported in the literature [3,21,22], the presence of a finer austenite spacing implies
shorter nitrogen diffusion distances from the core of ferrite grains to the adjacent austenite,
thus reducing nitrides precipitation in ferrite. Fine austenite and ferrite grain sizes are also
important to improve toughness, especially when the spinodal decomposition is adopted
as the strengthening mechanism. In fact, the technical literature reports some experimental
works that were aimed at improving the static and dynamic properties of duplex stainless
steels, exploiting the hardening effect of the α′ phase [23,24]. The main drawback was
the well-known toughness decrease that can be limited by grain refinement and suitable
orientation of the microstructure [25]. The analysis shown in Figure 5 and the data reported
in Table 2 demonstrate that, in the longitudinal direction, the austenite islands are longer.
Therefore, cracks propagating in the radial-circumferential plane find greater resistance
than the cracks propagating in the other directions.
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Table 2. Austenite spacing (AS) and size of austenite islands (AI). Average values and standard
deviations in the solution-annealed material as functions of the direction and overall mean values.

Radial Longitudinal Circumferential Global
AS AI AS AI AS AI AS AI

Average [µm] 62 55 141 140 85 79 90 85
Standard deviation [µm] 54 37 115 93 77 7 75 29
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Then, as reported in Table 3, the micro-hardness of each constituent phase (ferrite
and austenite) was measured in the solution-annealed condition, together with the macro-
hardness. In the solution-annealed condition, the Charpy impact energy at −46 ◦C (227 K)
was also determined, as reported in Table 3. The impact energy at −46 ◦C (227 K) is com-
patible with respect to the minimum value prescribed by the NORSOK standard [14]. The
acceptable impact energy value confirms the efficacy of the solution-annealing treatment in
removing all the undesired and embrittling phases, including the spinodal decomposition
of ferrite.

Table 3. Vickers micro-hardness and macro-hardness values and impact energy at −46 ◦C (227 K) in
the solution-annealed condition.

HV0.05
Ferrite

HV0.05
Austenite HV30 KV−46 ◦C [J]

Average 302 261 254 160
Standard deviation 4 5 6 23

Then, the influence of the ferrite spinodal decomposition on the mechanical properties
was investigated by hardness tests and Charpy impact tests on samples solution-annealed
at 1120 ◦C (1393 K) and aged at 475 ◦C (748 K) from 15 min to 360 min. The micro-hardness
of both the constituent phases (ferrite and austenite) was measured in each aging condition,
together with the bulk macro-hardness. The ferrite spinodal decomposition did not provide
any appreciable variation of the austenite micro-hardness. The variation of the macro-
and micro-hardness as function of the aging time at 475 ◦C (748 K) are shown in Figure 6.
Successively, the influence of the spinodal decomposition of ferrite on the impact energy at
−46 ◦C (227 K) was also investigated in each aging condition. The results are reported in
Figure 6.
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−46 ◦C (227 K) as functions of the aging time at 475 ◦C (748 K). The black dashed line represents the
minimum impact energy at −46 ◦C (227 K), prescribed by the NORSOK standard [14].

Then, the crack propagation path on the Charpy impact specimens was investigated,
measuring both the total crack length and the percentage amounts of each constituent phase
(intra-austenite and intra-ferrite/interphase propagation). This analysis was performed to
investigate the interaction between the propagating crack and the microstructure, especially
in the presence of very low impact-energy values. The obtained results in each condition
are reported in Table 4. The crack length was measured from the notch tip.
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Table 4. Total crack length and percentage amounts of each microstructural constituent in the Charpy
impact specimens.

Aging Time
[min]

Total Crack Length
[mm]

Intra-Ferrite/Interphase
[%]

Intra-Austenite
[%]

0 13.5 83 17
30 13.8 80 20
60 13.9 81 19

360 12.3 83 17

Then, the fracture surfaces of the Charpy impact specimens were investigated by SEM
in both the solution-annealed and aged conditions. The SEM micrographs are reported in
Figure 7.

The impact-energy loss at −46 ◦C (227 K) related to the spinodal decomposition of
ferrite, varying the aging times, was compared with the impact-energy reduction due to
the decrease in the test temperature in the solution-annealed condition. For this reason, the
ductile-to-brittle transition curve in the as-solution annealed condition was determined by
Charpy impact tests, varying the test temperature from 20 ◦C (293 K) to −80 ◦C (193 K).
The ductile-to-brittle transition curve is shown in Figure 8. The tested material satisfied the
minimum NORSOK requirement of 45 J as the average impact-energy at−46 ◦C (227 K) [14].
The average margin was 114 J. This material was characterized by impact energy higher
than 45 J even at lower temperatures. The average margins were 16 J at −70 ◦C (203 K) and
4 J at −80 ◦C (193 K). Finally, the ductile-to-brittle transition temperature in the as-solution
annealed condition was calculated, considering the amount of ductile area in the Charpy
specimens according to ASTM A370-21 standard [18]. Its value was equal to −37 ◦C (236 K)
and it corresponded to the temperature at which 50% shear area was present.

Considering the ductile-to-brittle transition curve reported in Figure 8, it is possible to
state that the impact-energy loss in the as-solution annealed material, obtained by reducing
the test temperature, is not as detrimental as that induced by the spinodal decomposition
phenomenon.

The crack propagation path was investigated in each Charpy impact specimens adopted
to determine the ductile-to-brittle transition curve. Both the total crack length and the
percentage amounts of each constituent phase (intra-austenite and intra-ferrite/interphase
propagation) were measured. The obtained results are shown in Table 5. The crack path was
measured from the notch tip on the half-thickness plane.
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Figure 7. SEM micrographs obtained with a secondary electrons signal. Fracture surfaces of the 
Charpy impact specimens with different magnifications: (a,b) as-solution annealed condition; (c,d) 
475 °C (748 K) 30 min; (e,f) 475 °C (748 K) 60 min; (g) 475 °C (748 K) 180 min; (h) 475 °C (748 K) 360 
min. 
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Figure 7. SEM micrographs obtained with a secondary electrons signal. Fracture surfaces of the Charpy
impact specimens with different magnifications: (a,b) as-solution annealed condition; (c,d) 475 ◦C (748 K)
30 min; (e,f) 475 ◦C (748 K) 60 min; (g) 475 ◦C (748 K) 180 min; (h) 475 ◦C (748 K) 360 min.
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Table 5. Total crack length and percentage amounts of each microstructural constituent in the Charpy
impact specimens of the ductile-to-brittle transition curve.

Test Temperature [◦C] Total Crack Length [mm] Intra-Ferrite/Interphase
[%]

Intra-Austenite
[%]

−80 (193 K) 12.6 81 19
−70 (203 K) 12.3 79 21
−46 (227 K) 11.3 80 20
−15 (258 K) 14.2 81 19
20 (293 K) 12.3 91 9

Then, the fracture surfaces of the Charpy impact specimens were investigated by SEM.
The SEM micrographs are shown in Figure 9.

Crystals 2023, 13, 1424 11 of 19 
 

 

  

  

  
  

Figure 9. SEM micrographs obtained with a secondary electrons signal. Fracture surfaces of the 
Charpy impact specimens in the as-solution annealed condition adopted to determine the ductile-
to-brittle transition curve: (a,b) 20 °C (293 K); (c,d) −46 °C (227 K); (e,f) −80 °C (193 K). 
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Charpy impact specimens in the as-solution annealed condition adopted to determine the ductile-to-
brittle transition curve: (a,b) 20 ◦C (293 K); (c,d) −46 ◦C (227 K); (e,f) −80 ◦C (193 K).
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As suggested by the data shown in Tables 4 and 5, the crack propagation follows the
weaker microstructure, i.e., ferrite, in both the as-solution annealed and embrittled conditions.
This is compatible with the fact that austenite properties are not affected by the spinodal
decomposition. Therefore, crack propagation in the austenite islands of the embrittled
specimens requires high energy, such as the energy in the as-solution annealed condition.

The severe drawbacks related to spinodal decomposition encouraged the metallur-
gical researchers to investigate and develop possible recovery heat treatments after the
475 ◦C (748 K) embrittlement. Shamanth et al. [11] reported positive results in the recovery
of 2205 duplex stainless steel, while Li et al. [26] proposed a successful treatment to improve
the ductility of Z3CN20-09M steel. Both steels have chromium content lower than that
of the 2507 steel. Therefore, we planned an experimental campaign to study whether
beneficial effects can also be obtained with a higher-chromium grade steel. As shown in
Figure 10, after re-solution annealing at 1120 ◦C (1393 K), the ferrite micro-hardness was
already fully recovered, after 10 min, to the pre-embrittlement values. In this condition, the
impact energy at−46 ◦C (227 K) resulted equal to 149 J. These results confirmed the efficacy
of the re-solution annealing treatment at 1120 ◦C (1393 K) in recovering the detrimental
effects of the spinodal decomposition of ferrite.
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Figure 10. Recovery heat treatments. Vickers HV0.05 ferrite micro-hardness as a function of the
recovery time at 550 ◦C (823 K), 600 ◦C (873 K), and 1120 ◦C (1393 K). The black dashed line represents
the ferrite micro-hardness in the as-solution annealed condition before the 475 ◦C (748 K) aging
embrittlement. The error bars are symmetric and represent the standard deviation.

After that, recovery heat treatments at both 550 ◦C (823 K) and 600 ◦C (873 K) were
investigated. At both temperatures, the ferrite micro-hardness was slightly reduced after
10 min. Longer exposures did not provide further hardness reduction, and after 1 h,
hardness started increasing again. Before the exposures investigated in this study, the
reversion heat treatments at both 600 ◦C (873 K) and 550 ◦C (823 K) did not determine any
precipitation of carbides and intermetallic phases observable via light-optical or scanning-
electron microscopes. The hardness increment after 60 min was probably determined by
the intersection of the spinodal decomposition curve, as shown in Figure 1. This confirmed
that exposures longer than 30 min are not feasible at these temperatures because of the
re-activation of the spinodal decomposition phenomenon.

4. Discussion

The spinodal decomposition of ferrite determined a selective ferrite hardening, as
demonstrated by the micro-hardness curves shown in Figure 6. Such a phenomenon did
not affect the austenite phase, in which micro-hardness remained constant with increasing
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aging time. Up to 30 min aging, the ferrite micro-hardness remained close to the as-solution
annealed value. It was subjected to a steep increase after 1 h and the steady-state value of
about 450 HV0.05 was obtained at 3 h. At this time, the ferrite micro-hardness was increased
by approximately 49%, compared to the solution-annealed condition. In general, the ferrite
micro-hardness was strongly dependent on decomposition uniformity and crystallographic
orientation. Such dependence justified the large scattering of the ferrite micro-hardness.
Regarding the bulk macro-hardness, its increment was delayed compared to that of the
ferrite micro-hardness. In fact, it remained constant up to 1 h and then it increased. Such
delay depended on the fact that the macro-hardness imprint involves not only ferrite,
but also austenite in an average proportion defined by the measured austenite/ferrite
ratio. Therefore, the macro-hardness test is less effective in detecting the beginning of the
hardening phenomenon.

The selective ferrite hardening determined by the spinodal decomposition was ob-
tained at the expense of an increasing embrittlement. In fact, as shown by the experimental
results shown in Figure 6, the impact energy quickly decreased with increasing aging time.
After 1 h, the embrittling effect was no longer compatible with the minimum NORSOK
requirements [14]. At this time, the impact energy of 15 J corresponded to a reduction
of 91%, compared to the as-solution annealed condition. The influence of the spinodal
decomposition on the impact energy was observed earlier than the effect on the ferrite
micro-hardness. In fact, after 30 min, the impact energy (54 J) was subjected to a dramatic
loss, with a reduction of 66% compared to that of the as-solution annealed condition. On
the other hand, the ferrite micro-hardness was only slightly increased, at about 5%, and the
bulk macro-hardness remained constant. Such a difference suggested that the impact test
was more effective than both the ferrite micro-hardness and the bulk macro-hardness in
determining the beginning of spinodal decomposition.

To better investigate the increase in ferrite micro-hardness, the process fractions,
XHV(t), were determined, according to Equation (2). The impact-energy loss was similarly
studied, calculating the process fractions, XKV(t), according to Equation (3).

XHV(t) =
HV(t)− HV0

HV∞ − HV0
(2)

XKV(t) =
KV0 − KV(t)
KV0 − KV∞

(3)

where HV0 and KV0 are the initial ferrite micro-hardness and impact energy in the as-
solution-annealed condition, respectively. HV(t) and KV(t) are the ferrite micro-hardness
and impact energy after aging at 475 ◦C (748 K) for time t [min], respectively. HV∞ and
KV∞ are the steady-state values of the ferrite micro-hardness and impact energy in the
presence of isothermal 475 ◦C (748 K) aging, respectively. HV∞ is equal to 450 HV0.05 and
KV∞ is equal to 9 J. The experimental process fractions for both the ferrite micro-hardness
and impact energy were modelled using the Avrami-type equation with fitting parameters
a and b, as determined in Equation (4).

X(t) = 1− e−atb
(4)

where t is the aging time [min] at 475 ◦C (748 K). The fitting parameters for both the
processes were determined by the least-square procedure and the related values are shown
in Table 6. The goodness of the fitting was assessed by calculating the determination
coefficients, the values of which are shown in Table 6.
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Table 6. Fitting parameters of the process-fraction curves based on the Avrami-type equation.

Parameter XKV XHV

a 8.47 × 10−6 8.80 × 10−7

b 3.3486 3.3507
R2 0.97 0.99

The fitting curves and the experimental values for both the ferrite micro-hardness
and the impact-energy process fractions are shown in Figure 11 as functions of the aging
time. In accordance with the previous observations, the process–fraction curves showed
the presence of different kinetics between the phenomena of ferrite hardening and impact-
energy loss. The fitting parameter a rose, increasing the rapidity of the process in reaching
the steady-state condition, while the parameter b rose, increasing the duration of the
activation phase. The parameter a was higher for the process of impact-energy loss, while
the parameter b was slightly higher for the process of ferrite hardening. This confirmed,
again, that the ferrite-hardening process was delayed with respect to the impact-energy
loss. Moreover, the process of the impact-energy loss reached the steady-state condition
more rapidly.
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Even though the impact energy was the best parameter for investigating the ferrite
spinodal decomposition, the micro-hardness test was significantly faster and cheaper.
Therefore, the relationship between the ferrite micro-hardness and the impact energy at
−46 ◦C (227 K) was modeled, using the Avrami-type equation with fitting parameters a
and b, as per Equations (5) and (6).

KV(t) = KV∞ + (KV0 − KV∞) e−a(HV(t)−HV0)
b

(5)

KV(t) = 9 + 150 e−a(HV(t)−303)b
(6)

The fitting parameters were determined by the least-square procedure and the related
values are shown in Table 7. The goodness of the fitting was assessed by calculating the
determination coefficient, the value of which is shown in Table 7. The fitting curve between
the ferrite micro-hardness and the impact energy is shown in Figure 12, together with the ex-
perimental values. This relationship confirmed the presence of a steep loss in impact energy
with a slight increase in ferrite micro-hardness. According to the calculated fitting curve,
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the reduction in impact energy was no longer compatible with the minimum NORSOK
requirement (45 J) when the ferrite micro-hardness increased above 320 HV0.05 [14].

Table 7. Fitting parameters of the Avrami-type relationship between the ferrite micro-hardness and
the impact energy.

Parameter KV = f(HV)

a 0.1101
b 0.9010

R2 0.99
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and the microstructural arrangement (size, morphology, and distribution of the austenite 
islands) compared to the crack-propagation direction, as observed in the literature [6]. 

Regarding the impact specimens with 475 °C (748 K) embrittlement, the average crack 
length was equal to 13.4 mm, which was about 7% more than that of the as-solution an-
nealed specimens (average length equal to 12.5 mm). The intra-ferrite/interphase fraction 
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Figure 12. Fitting curves and experimental values of the impact energy as a function of the ferrite
micro-hardness.

Regarding the crack-propagation path, there were no appreciable differences among
the as-solution annealed and the aged conditions in terms of both the total crack length
and the relative amounts of microstructural constituents. As a consequence, it is possible
to state that this embrittling phenomenon and variations in the test temperature without
spinodal decomposition did not appreciably influence the crack-propagation path and
its microstructural constituents, even at very low absorbed impact energies, as shown in
Figure 13.
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The major influence on the crack path was determined by the ferrite-to-austenite ratio
and the microstructural arrangement (size, morphology, and distribution of the austenite
islands) compared to the crack-propagation direction, as observed in the literature [6].

Regarding the impact specimens with 475 ◦C (748 K) embrittlement, the average
crack length was equal to 13.4 mm, which was about 7% more than that of the as-solution
annealed specimens (average length equal to 12.5 mm). The intra-ferrite/interphase fraction
was the main one along the crack-propagation path, being an average of 82% of the overall
crack-path length for both the 475 ◦C (748 K)-embrittled Charpy specimens and those tested
to determine the transition curve.

According to the literature, the crack-propagation path follows preferentially the
ferrite zones [6]. When the crack is hindered by austenite during propagation, it is forced
to continue either along the interphase boundary or across the austenite island, depending
on the morphology and size of the obstacle [6]. This behavior can lead to a significant
deflection of the crack path out of the notch plane. The crack propagates preferably inside
the regions where the required energy is lower (i.e., ferrite). When the crack deflection is
excessive, it starts propagating through austenite. Such a propagation mode determines an
increment in the crack-path length, even with low impact-energy values. As reported by
the literature [6], the crack-propagation path strongly depends on the specimen orientation
and the microstructural arrangement.

The fracture surface characteristics of the Charpy impact specimens were considered
with respect to the measured impact energy at −46 ◦C (227 K) and compared with the
findings in the literature [27–29]. In the solution-annealed condition, the fracture surface
showed the presence of macro-dimples was associated with the austenite regions and both
micro-dimples and cleavage facets were associated with ferrite. The austenite regions
were characterized by dimples larger than those associated to ferrite, since the closely
packed slip systems ensure a great deformability to austenite [6,7,30,31]. In addition,
tearing ridges with small dimples were present. These ductile features were compatible
with the presence of a high impact energy (159 J). They characterized most of the fracture
surface, suggesting a prevalent ductile behavior at−46 ◦C (227 K) for the solution-annealed
condition. Regarding the 475 ◦C (748 K)-aged conditions, after 30 min, both cleavage
facets and dimples were present, suggesting the occurrence of a mixed fracture mode.
Dimples mainly characterized the austenite regions, while flat low-deformation regions
were associated with ferrite. Increasing the aging time, the fracture mode gradually changed
from a ductile failure to a prevalent cleavage brittle failure. The embrittling effect of the
ferrite spinodal decomposition was responsible for the progressive reduction in the amount
and size of the dimples. After 6 h, cleavage facets became the prevalent feature, indicating a
mainly brittle behavior. This was also confirmed by the significant reduction in the impact
energy (15 J) [6,7,30].

The impact energy evaluated at −46 ◦C (227 K) after aging at 475 ◦C (748 K) for
30 min was equal to 54 J. The same embrittlement level could be obtained in the as-solution
annealed condition, lowering the test temperature from−46 ◦C (227 K) to the range between
−80 ◦C (193 K) and −70 ◦C (203 K). Therefore, the spinodal embrittlement phenomenon at
475 ◦C (748 K) determined a significant increase in the ductile-to-brittle transition curve of
the material.

Regarding the fracture surfaces of the Charpy specimens adopted to determine the
ductile-to-brittle transition curve, as shown in Figure 9, at−80 ◦C (193 K), the fracture surface
was mainly characterized by the presence of cleavages. Nevertheless, tearing ridges with
small dimples, associated with the austenite regions, were still present. At −46 ◦C (227 K),
even if small cleavage zones were observed, micro- and macro- dimples mainly characterized
the fracture surface. At room temperature, the fracture surface showed a ductile fracture
mode with a combination of micro-dimples related to the ferrite regions and macro-dimples
associated with the austenite ones.

As reported in the experimental section, the detrimental effects of the 475 ◦C (748 K)
embrittlement on both ferrite micro-hardness and impact energy were already completely
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reversed by solution-annealing at 1120 ◦C (1393 K) after 10 min soaking. Regarding
reversion heat treatments at 600 ◦C (873 K) and 550 ◦C (823 K), both temperatures allowed
only a partial recovery of ferrite micro-hardness. In fact, even though its value was reduced,
at about 350 HV0.05, it was still well above the threshold level previously determined
(320 HV0.05), which was required for compatibility with the NORSOK standard [14].
Therefore, these reversion treatments allowed only a partial and insufficient recovery of
the initial properties. Furthermore, excessively long reversion times were not feasible at
these temperatures because they could activate further precipitation phenomena, as shown
by the TTP diagram in Figure 1. This is clearly demonstrated by the experimental results
shown in Figure 10. In fact, after about 1 h at both 600 ◦C (873 K) and 550 ◦C (823 K), the
hardness started increasing again. Therefore, long reversion times at these temperatures
are not recommended, according to the precipitation response of this grade [1,8,11,12]. In
conclusion, a complete reversion of the 475 ◦C (748 K) embrittlement was allowed only by
re-solution annealing.

5. Conclusions

Biphasic stainless steels provide excellent mechanical properties, corrosion resistance,
and low-temperature toughness. However, complex precipitation phenomena can oc-
cur upon thermal exposure above approximately 300 ◦C (573 K), with the formation of
detrimental embrittling phases. Among the precipitation phenomena, the spinodal decom-
position of ferrite is particularly critical in the range from 300 ◦C (573 K) to 500 ◦C (773 K).
As the kinetic of this phenomenon is faster at about 475 ◦C (748 K), it is also known as
“475 ◦C (748 K) embrittlement”. Such transformation determines a huge toughness loss,
together with a significant increase in ferrite hardness. In the technical literature, some
researchers studied different methods to recover the mechanical properties after spinodal
decomposition embrittlement. One proposal was represented by reversion heat treatments
from 550 ◦C (823 K) to 600 ◦C (873 K). In fact, with this temperature range above the α− α′

miscibility gap in the Fe-Cr system, the decomposition became thermodynamically unsta-
ble, leading to dissolution of the α′ phase. However, because of limitations on the maximum
exposure time determined by the precipitation response of the material, reversion heat
treatments do not allow a complete reversion of the initial pre-embrittlement mechanical
properties, especially in high-chromium steel grades.

In this study, we considered a commercial cylindrical rod made of ferritic-austenitic
F55-grade steel (UNS S32760), provided in as-forged condition. The samples were cut from
the circumferential direction and, then, they were solution-annealed at 1120 ◦C (1393 K)
and water-quenched. The modifications induced by the spinodal decomposition of ferrite
were investigated by macro-hardness and micro-hardness tests and by Charpy impact tests,
varying the soaking time at 475 ◦C (748 K). Upon aging at this temperature, the impact
energy was rapidly reduced, leading to unacceptable values after 1 h. The influence on
impact energy was observed earlier with respect to the effect on ferrite micro-hardness.
Therefore, the micro-hardness method was not the most effective method to investigate the
presence of spinodal decomposition, especially if the precipitation phenomenon was in its
early stage.

The crack path and its relationship with the microstructure were studied by optical
microscopy. As observed in this experimental study, the lengths of the crack path and its
constituents were mainly affected by the specimen orientation and the microstructural
arrangement, while the occurrence of the embrittlement phenomenon had no appreciable
influence. The intra-ferrite/interphase fraction represented the main constituent along the
crack path. Upon aging, the fracture mode gradually changed from ductile to brittle. The
progressive reduction in the amount and size of the dimples and the occurrence of cleavage
facets clearly demonstrated the embrittling effect of the spinodal decomposition.

The detrimental effect of the 475 ◦C (748 K) embrittlement was completely reversed by
solution-annealing treatment at 1120 ◦C (1393 K). The reversion heat treatments at both
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600 ◦C (873 K) and 550 ◦C (823 K) allowed only a partial recovery. Longer exposure times
are not recommended because of the further precipitation of undesired phases.
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