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Abstract

Sigma phase precipitation occurring during the exposure of duplex stainless steels in the temperature range from 800 to
900 °C deeply affects the material toughness and corrosion resistance. o-Phase precipitation process is strongly influenced
by many physical parameters, such as the specific chemical composition, the ferrite amount and its average grain size, and
the entity of plastic deformation due to the previous technological process. The strong dependencies of o-phase precip-
itation on all these factors justify the continuous study of the process kinetics. This paper focuses on the o-phase
precipitation kinetics in F55 steel grade. The investigation has been performed by an innovative experimental method, such
as the anisothermal dilatometric technique. The application of the Kissinger’s method has been used for deriving the
process activation energy and kinetics. The results have been compared with the ones obtained by metallographic analysis
and hardness tests performed on isothermally aged samples, heat-treated in a laboratory furnace at 850 °C.
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Introduction

Austeno-ferritic or duplex stainless steels are characterized
by biphasic microstructure at room temperature. The
coexistence of austenite and ferrite confers the material an
excellent combination of mechanical and corrosion resis-
tance, which allows the application of these alloys in harsh
environment under high loads, even at low temperatures.
Therefore, common application fields are the Oil & Gas
and chemical industries and the offshore and desalination
plants.

The material chemical composition and the temperature
of the solution treatment are the two main factors affecting
the amount of austenite and ferrite at room temperature.
For a given chemical composition, the heat treatment is the
key for getting the desired material properties, especially in
terms of low temperature toughness [1]. Setting the proper
solution temperature and time is not enough for granting a
good result because the cooling rate is fundamental to
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avoid the precipitation phenomena this material is very
prone to. Any soaking in the temperature range from 1000
to 300 °C might favour the precipitation of secondary
phases deleterious for the material properties, in terms of
both mechanical properties, mainly impact strength, and
corrosion resistance [1-3].

The soaking in the upper temperature range favours o-
phase precipitation, according to the following eutectoid
reaction:

0— o+, (1)

indicating that the ferrite transforms into a lamellar struc-
ture of sigma and gamma [1]. Sigma phase precipitation
mainly occurs at the intersection of three grains and at the
grain boundaries between ferrite and austenite, growing
towards ferrite and reaching the maximum rate in the
temperature range from 800 to 850 °C [1, 2]. The detri-
mental effect of c-phase on the material toughness is well-
known: even a small amount causes an important loss of
the impact and corrosion resistance [3].

The need of further investigating c-phase precipitation
rises from the fact that the precipitation process is strongly
influenced by many physical parameters, such as the
specific chemical composition, the ferrite amount and the
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average grain size, and the entity of plastic deformation
due to the previous technological process [4].

The most common techniques used for the investigation
of o-phase precipitation are metallographic analysis and
hardness tests carried out on as-solutioned samples sub-
mitted to isothermal treatments in the critical temperature
range [1-3].

In this paper the precipitation phenomena of F55 steel
grade have been investigated by an innovative experi-
mental method, such as the dilatometric technique. In the
technical literature, it is known that dilatometry is a useful
technique for studying the microstructural transformations
by measuring the dimensional variation of samples at
constant temperature [5-9] and allowing the calculation of
the activation energy of the involved phenomena by con-
tinuous heating [10-12]. As the precipitation of sigma
phase is known to be very rapid in a given temperature
range, in the present work the dilatometric analysis during
continuous heating was selected as an innovative experi-
mental method for studying the precipitation phenomena of
F55 steel grade. The technical literature also states the
efficacy of this method, which results well agree with the
ones obtained by differential thermal analysis (DTA) and
differential scanning calorimetry (DSC) [13] or are con-
sidered even more reliable [14].

The obtained results have been compared with the data
obtained by traditional experimental techniques, such as
microstructural analysis and hardness measurements.

Materials and methods

The investigated material is an ASTM A182/A182M-16
F55 [15] steel grade supplied as a bar of 660 mm diameter.
The chemical composition of the bar is reported in Table 1.

The bar was forged and heat-treated in an industrial
plant.

A transversal section of the forged bar has been
machined, and some blocks cut from the section. The
blocks have been solution annealed in a laboratory furnace
at 1120 °C, 1 h/inch, according to ASTM A182/A182M-
16.

Anisothermal dilatometric tests have been performed on
as-solutioned samples (10 x 10 x 55 mm®). All the
specimens have been positioned in a quartz sample holder
in a NETZSCH DIL402 ES dilatometer and heated from
room temperature (7T;o0m) to 900 °C, with different heating
rates (2.5, 5.0, 75K minfl). All the tests have been

performed in a N, 4+ 5%H, atmosphere. The variation of
the sample length versus time has been measured and
continuously recorded. The specimens’ microstructure has
been investigated at the end of each test by LOM (light
optical microscope) and SEM (scanning electron
microscope).

A Leica Light Optical Microscope with colours digital
camera and a Zeiss EVO 50XVP Scanning Electron
Microscope with X-ray EDS microanalysis and Electron
Backscattered Diffraction System have been used.

Isothermal ageing treatments have been performed on
small samples (10 x 10 x 20 mm?) at 850 °C in a labo-
ratory furnace at different times. The value of the precip-
itation temperature (850 °C) was selected for reproducing a
very fast kinetics according to the precipitation curve
available in technical literature [3, 16]. The maximum
soaking time was 60 min, and all the samples have been
water quenched.

The metallographic analysis by LOM and SEM and
hardness tests have been performed on the solution
annealed material and after the isothermal treatments.

The metallographic samples have been mirror-polished
following the standard metallographic techniques and
electrolytically etched with 10% oxalic acid solution. The
etching parameters have been selected according to the
standard ASTM E407-07 [17]. The austenite/ferrite (A/F)
ratio and the amount of precipitated “c + y” phase have
been estimated by image analysis techniques implemented
in the software Image Pro Plus. The estimation of “c + y”
phase amount has been done by averaging the results on
three images per sample, at low magnification (50x).

Hardness tests have been performed for characterizing
all the obtained conditions. Vickers macro- and micro-
hardness tests have been done for getting, respectively, the
material and the ferrite hardness. For each sample, from 3
to 5 hardness tests have been performed according to UNI
EN ISO 6507 standard and the results have been averaged
[18].

Results

The solution treatment performed on the forged material
resulted in a A/F ratio of about 1:1, and no secondary
phases were detected, as shown in Fig. 1. The material
properties after the solution annealing treatment are sum-
marized in Table 2.

Table 1 Chemical composition

. . e Fe C Mn
of the investigated material in

Si

Cr Ni Mo Cu N W

wt% Bal.

0.014 0.590

0.350

24.830 7.120 3.790 0.561 0.241 0.615
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Fig. 1 Microstructure of the solution annealed material

Dilatometric tests

From the recorded data, the sample expansion curve and its
derivative have been obtained. Figure 2 shows an example
of dilatometric curve obtained with 2.5 K min~' heating
rate, together with its first derivative curve, which is
characterized by the presence of two negative peaks in the
temperature range from 700 to 900 °C.

Figure 3 shows the first derivative curves for each
experimented heating rate. In agreement with some results
reported in the technical literature [9], as the heating rate
increases, the identified negative peaks are placed at higher
temperatures.

As known in literature [10], the Kissinger method can be
used for deriving activation energies from temperature-
scanned experiments. It is based on the fact that the
observed temperature of a peak (7},) depends on the scan
rate (S = d77/dr) of the experiments. The method has been
generalized and justified for solid-state reactions by
Mittemeijer et al. [19] The Kissinger expression, as mod-
ified by Mittemeijer et al., relates T}, to S as follows:

ln_g — Eact nEact (2)
S~ RT, Rk’

where T, = peak temperature (K); S = heating rate
(K s™Y; E . = effective activation energy for the process
associated with the peak (J mol™'); R = gas constant
(8314 T mol ' K™Y); ko = pre-exponential factor in the
Arrhenius equation for the rate constant k:

“Baet
k=koexp R .

(3)

The anisothermal tests data, for heating rate from 2.5 to
7.5 K min~"', have been analysed by the Kissinger method
to yield activation energies (E,.) and rate constants (k).

The presence of two negative peaks in the temperature
range from 700 to 900 °C indicates that two different
transformations occurred. According to technical literature
[2], the first peak is associated with the precipitation of
chromium compounds, while the second peak is associated
with the formation of sigma phase.

Table 2 Material properties

. HV10 HVO0.050_Ferrite KV/] @— 46 °C Austenite/%
after the solution treatment
Average SD Average SD Average SD Average SD
265 0.71 351 3.06 159 24.50 47.6 1.19
Fig. 2 Expansion curve and its 1.30E-02 2.0E-05
derivative obtained by the -
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Fig. 3 Expansion curve 2.1E-05
derivative versus temperature
for different heating rates by

anisothermal dilatometric tests 1.9E-05
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As Fig. 3 shows, a peak temperature is associated to
each scan rate for both the transformations. By associating
the corresponding peak temperature to its scan rate
according to Eq. (2), the activation energies of the two
precipitation phenomena have been calculated.

For both the transformations, the identified peak tem-
peratures corresponding to each heating rate and the
obtained activation energies are reported in Table 3,
together with the values of ky useful for evaluating the
process kinetics.

In agreement to the dilatometry tests results, the met-
allographic analysis revealed the occurrence of two dif-
ferent precipitation phenomena. In fact, as shown in Fig. 4,
the ferritic matrix has been completely substituted by the
eutectoid “c + y” and chromium-based precipitates (in
correspondence of the arrows) are clearly visible in the
austenitic regions.

EDXS analysis has been performed by SEM. The results
obtained by the analysis of the sample heated at
2.5 K min~" are reported in Fig. 5 and Table 4, confirming
the presence of c-lamellae (position A) and y-phase (po-
sition B).

Finally, using the activation energy and k; value
obtained by analysing the second transformation peaks,
which are the ones related to c-phase precipitation, the

Temperature/°C

kinetics of o-phase precipitation at 850 °C has been cal-
culated according to Eq. (3) and the obtained k value is
1.10 x 107°.

Metallographic analysis

Figure 6 shows the evolution in time of “c 4 y” phase
precipitation during the soaking at 850 °C.

The SEM analysis confirmed the presence of c-phase.
The measured chemical composition (Table 5) in point A
(Fig. 7) by EDXS analysis is compliant with the nominal
chemical composition of c-phase, so confirming the nature
of the phase.

By an image analysis software, the fraction of “c + y”
phase over ferrite was measured versus time and the results
are shown in Fig. 8. In isothermal condition at 850 °C, the
precipitation of o-phase starts within 10 min and the
transformation of the ferrite is almost completed after 1 h
soaking. In fact, for the longest investigated time, the fer-
rite has been completely substituted by the eutectoid.

Hardness tests

The effect of c-phase precipitation is also revealed by an
increase of the material hardness, as shown in Fig. 9. For a

Table 3 Activation energies 1

.S Rate/K min~ 1st transformation 2nd transformation
and ko values characterizing the
phase transformation processes T,/°C Ee/kJ mol ™! ko T,/°C E,.J/kJ mol ™! ko
of the F55 steel grade in the
temperature range 700-900 °C, 2.5 775 280 1.19E+411 834 201 2.51E406
obtained by anisothermal 5.0 795 874
dilatometric investigation 75 310 383
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i

Fig. 4 Secondary phases nucleated during the anisothermal dilatometric tests at different heating rates (2.5, 5.0, 7.5 K min™~

phase; “c + y” phase: lamellar phase)

Fig. 5 “o + y” eutectoid observed by SEM of the sample heated at
2.5 K min™! (A = o-lamella; B = y-phase)

soaking time of 60 min, the hardness increment with
respect to the initial one is about 150 HV30. The hardness
profile confirms that o-phase nucleation starts after a
soaking time of 10-15 min.

! austenite: bright

Table 4 Measured chemical composition of o- and y-phase (mass%)

Position Cr Fe Mo Ni Mn Cu

A 28.61
B 23.78

61.92 3.09 5.82 - -
61.44 3.74 8.03 1.13 1.13

o-phase precipitation kinetics by metallographic
and hardness data

As reported by Magnabosco [20], the fraction of c-phase
can be described by a Johnson—Mehl-Avrami (JMA) type
expression:

X=1-eklw' (4)

where X = fraction of 6-phase (0 < X < 1) formed during
an isothermal treatment at a time period t evaluated from
the beginning of the transformation (#y); kK = rate constant
defined by Eq. (3); » = JMA exponent.

The process fraction of the phenomenon has been cal-
culated according to Eqs. (5) and (6):
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Fig. 6 Evolution of “c + y” phase precipitation in time at 850 °C, at low (left) and high (right) magnification (austenite: bright phase; ferrite:
greyish phase; “c + y” phase: bluish/dark phase)

X(oty) = %o(c +v) = %(5 + ) (5) where X5 = process fraction estimated by the amount
70(6 + 7)ine—%(0 + ), of “c + y” phase, Eq.(5); %(c + Y)o = amount of

o HV — HV, ©) “c + 77 detected after “10 rnin” soaking at 850 °¢;
HV HV,, — HV, %(c 4+ Y)inr = amount of “c + y” detected after 60 min
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400 unt
Fig. 6 continued
soaking at 850 °C; Xyy = process fraction estimated by )
the hardness increase, Eq. (6); HV, = hardness of the Table 5 Measured chemical Sample Cr Fe Mo
le heat-treated for 10 min at 850 °C; HV;,; = hard composition of o-phase
sam - : R R
P inf (mass%) A 2821 5840 5.93

ness of the sample heat-treated for 60 min at 850 °C.

The process fraction versus time obtained analysing the
metallographic and the hardness data are shown in Fig. 10.

By plotting the logarithmic form of Eq. (4), the process
kinetics has been evaluated knowing the process fraction at
different times. The k values obtained by metallographic
and hardness methods are reported in Table 6, together
with the JMA exponent n.

Discussion

The calculation of the activation energies for the detected
transformations at the temperatures around 800 and 850 °C
are 280 and 201 kJ mol ™", respectively.

The latter activation energy of 201 kJ mol ™" is the one
related to o-phase formation, which has its maximum
nucleation rate at 850 °C, and the subsequent transforma-
tion of d-ferrite into “c + y” eutectoid. The obtained
value agrees with the ones reported in the technical liter-
ature for o-phase transformation. Blachowsky et al. [21]
determined the activation energy with various method for a
Fess; s—Crse, alloy, and it varies between 197 and
260 kJ mol~'. Ferro [22] determined 202 kJ mol~'

activation energy in 2205 duplex stainless steel through a
semi-empirical model. The activation energy for the for-
mation of o-phase was determined 189 kJ mol~' for a
strongly deformed equiatomic Fe—V alloy by Costa et al.
[23]. Finally, Berecz et al. [4] studied the decomposition
kinetics of ferrite in isothermally aged SAF 2507-type
duplex stainless steel by differential thermal analysis and
estimated an activation energy for o-phase of
243 kJ mol~". The reported results clearly show the strong
dependency of the values of activation energy on the
material chemical composition and microstructural
characteristics.

Moreover, the obtained results seem to indicate that the
diffusion of Cr is reasonably the main thermally activated
phenomenon for the nucleation of o-phase. In fact, o-
phase nucleates at the intersection of three ferritic grains
and at the grain boundaries between ferrite and austenite,
growing towards the ferrite and the activation energies of
Cr diffusion in the ferrite and for grain boundary diffusion
are reported to be 241 and 218 kJ mol ' [24], respectively.

The technical literature reports also an activation energy
for Cr diffusion in the austenitic phase of about
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Fig. 7 SEM image of a sample characterized by o-phase presence
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Fig. 8 Evolution of the eutectoid reaction versus time
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Fig. 9 Hardness profile obtained from the samples heat-treated at
850 °C

293 kJ mol ™! [25]. This value is comparable with the
estimated activation energy for the first detected transfor-
mation (280 kJ mol™"), suggesting that the presence of
precipitates in the austenitic regions (indicated by the
arrows in Fig. 3) is compatible with the formation Cr-rich
compounds, which forms in the temperature range
700-900 °C.
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Fig. 10 Process fractions evaluated by image analysis and hardness
tests data

Table 6 Kinetics of o-phase precipitation by metallography and
harness test

Metallography Hardness
tests
k 2.83E—-04 3.07E—-04
n 1.165 1.175

The calculated o-phase rate constant at 850 °C by
dilatometric test is 1.10 x 107>, The ones calculated by
metallographic analysis and hardness tests are 2.83 x 107*
and 3.07 x 107%, respectively. Comparing all the obtained
values, it is possible to observe that the process kinetics
calculated by dilatometric data is faster than the one
obtained by the traditional investigation methods. These
results can be attributed to a different material condition
prior to o-phase precipitation during the anisothermal
dilatometric tests. In fact, the set heating rate for dilato-
metric tests is sufficiently slow to favour base material
modifications (mainly atoms diffusions), as confirmed by
the precipitation of Cr-rich compounds, which could have
accelerated the kinetics of o-phase precipitation. [26]

Finally, the calculation of n, the JMA exponent, results
in the value of 1165 (by metallography) and 1175 (by
hardness tests), confirming that the §-ferrite transformation
into o-phase is mainly a diffusion-controlled process,
being n value between 0.5 and 2.5 [18].

Conclusions

In this paper, the precipitation phenomena of F55 steel
grade in the temperature range from 700 to 900 °C have
been investigated by an innovative experimental method,
such as the dilatometric technique. The application of
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