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ARTICLE INFO ABSTRACT

Superferritic steels are characterized by high Cr content (exceeding 25 wt.%) with addition of Mo. They were
originally developed for use in heat exchangers and marine environments. Current trend to use these alloys in
the oil industry drives the research on effect of the increased Mo content on the microstructure of these steels.
Mo increases the resistance to naphthenic corrosion. The o'(alpha prime) phase precipitation, typical in Fe-Cr
system, causes Cr depletion in the ferritic matrix which decreases the corrosion resistance, toughness and in-
creases hardness of steels. This phase is rich in Cr, has paramagnetic properties and occurs in the temperature
range between 350 and 550 °C. The influence of increase of Mo content and Ni addition is investigated in the
temperature range of o' phase precipitation in experimental Superferritic stainless steel FeCrMoNi with different
compositions. An initial analysis was performed with Thermo-Calc® (TCFE6). Samples were subjected to aging
treatment for different time and temperatures. Results of micro hardness tests, magnetic measurements (by
means of ferritoscope) and corrosion test, were used to study the precipitation behaviour of o’ phase. The results
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were compared with solution annealed samples and results obtained from the Thermo-Calc® calculation.

1. Introduction

Superferritic stainless steels (SFSS) are widely used in applications
where chloride induced pitting, crevice, and stress corrosion cracking
are present. They present a lower fabrication cost when compared to
super austenitic stainless steels. These alloys can be used in many
corrosive environments, for example, in chemical industries, petroleum
refineries, petrochemical industries, food and paper industries, in heat
condensers for seawater, and other marine applications [1,5].

They generally have superior corrosion resistance to their austenitic
counterparts because of their higher Cr contents and ferritic micro-
structures; however, the use of SFSS has been somewhat limited by poor
weldability and low toughness in certain applications [3-7].

The increase in the performance of ferritic stainless steels is achieved
with levels of Cr above 25% and Mo additions. Studies have been pub-
lished that Mo addition improves corrosion resistance in various corrosive
environments including naphthenic acid corrosion that results from the
processing of heavy crude oil [8-12]. The low levels of C and N improve
the ductility and corrosion resistance, and allow the addition of Ni to
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improve the toughness. Also, the addition of stabilizing elements such as
Nb and Ti hinder the formation of carbides and nitrides and act in the
grain refinement and improve weldability [2,5,7,13-15].

The high concentration of alloying elements in stainless steels affects
the microstructural stability resulting in precipitation of intermetallic
phases (Sigma-o, Mu-1, Chi-y and Laves) [15-18]. The phenomenon of
embrittlement at 475°C is due to precipitation of o’ phase resulting
chromium depletion in the matrix [19-21]. The o phase is rich in chro-
mium, CrFe (61-83% Cr), with BCC structure, precipitates in a tempera-
ture range between 350 °C and 550 °C. The precipitates are extremely
small and their presence is accompanied by an increase in hardness, loss in
corrosion resistance and reduced toughness [20-23].The o’ phase can be
formed from two mechanisms: nucleation and growth and spinodal de-
composition of the ferrite (¢ = a + o’) [19,20]. The decrease in the vo-
lume fraction of ferrite phase () suggests the formation of a’ phase which
is a paramagnetic phase. Several authors have noted that ferritic stainless
steel for the study of o precipitation stage based on the magnetic per-
meability may be feasible for samples heat treated at 400 °C and 475 °C
[22-25]. The precipitation o’ phase in the ferritic matrix inhibits
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Table 1
Chemical Composition (in weight percent) of experimental alloys and value of
PRE.

Alloys Cr Mo Ni C N Nb + Ti PRE
5Mo4Ni 25 5 4 0,03 0,03 0,6 41,98
7Mo2Ni 25 7 2 0,03 0,03 0,6 48,58
7Mo4Ni 25 7 4 0,03 0,03 0,6 48,58
Table 2
Thermal processing of samples.
Alloys Solubilization Solubilization Aging Aging
Temperature (°C) Time (min) Temperature (°C)  Time (h)
5Mo4Ni 1080 15 - 1h,10h,
7Mo2Ni 1180 15 400and 475 100h,
500 h,
7Mo4Ni 1180 15 - 1000 h

movement and the rotation of the magnetic fields, requiring a larger ex-
ternal field inducer to move the walls of the magnetic domains, causing a
decrease in magnetic permeability, defined as the ratio between magnetic
induction and applied field [22,23].

The depletion of Cr in the matrix decreases corrosion resistance and
increases the susceptibility to pitting corrosion. Pitting corrosion is
highly localized, causes the formation of small holes or points on the
surface of the component, has a high propagation rate, and can be
completely destructive in terms of useful life of the component [22,23].
The pitting resistance equivalent (PRE) for stainless steels is often ex-
pressed in terms of Eq. (1), developed by Rockel in 1978 and tested by
the ASTM G 48-99 [1].

This work studies the effect of precipitation of the o’ phase in SFSS
new alloys with high content of Mo and Ni addition. Changes in
hardness, magnetic behavior, corrosion resistance and X-ray diffraction
measurements in aged and solution annealed samples are compared
with Thermo-Calc analysis.

2. Materials and methods

FeCrMoNi experimental alloys containing 25% Cr, Ni content of 2%
and 4%, Mo content of 5 and 7% were studied. Table 1 shows the
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chemical composition of experimental alloys and the value of PRE
calculated according to Eq. (1).

The thermodynamic analysis of the alloys was performed with the
Thermo-Calc (TCFE6 database) software. It was evaluated the influence
of the variation of the Mo and Ni contents in the precipitation tem-
perature of a' phase. Based on this analysis the samples were solution
annealed and heat treated at temperatures of 400 °C and 475 °C for
various times according to Table 2.

The effects of thermal processing comparing the samples annealed with
aged were observed through measurements of X-ray diffraction (XRD),
CuKa source and 0.01° step 26, used to identify the possible precipitated
phases. Vickers micro hardness (HV) measurements, with 9,8 N load, were
performed to observe the changes in hardness due to phases precipitation.
Ferritoscope measurements based on the variations of magnetic perme-
ability of the ferrite phase were used to evaluate the paramagnetic phase
precipitation (o phase). Ferritoscope measurement is performed when a
magnetic field generated by a coil interacts with the magnetic phase of the
sample. Changes in the magnetic field induce a voltage proportional to the
content of the ferromagnetic phase in a second coil. This output voltage is
then evaluated. The output signal of ferritoscope is proportional to the
ferromagnetic phase content of the sample [24].

Polarization tests were conducted in 0.6 M NaCl aqueous solution at
room temperature (25°C) with a reference electrode Ag/AgCl and
platinum counter electrode. It was evaluated the corrosion resistance of
aged samples for 1000 h compared to solution annealed samples. The
effect of corrosion tests on the sample surface were observed by scan-
ning electron microscopy (SEM).

3. Results and discussion
3.1. Computational thermodynamic analysis

The data of the phase diagram FeCr, calculated in Thermo-Calc
software, with gradual Mo addition (without Ni) were used to relate the
precipitation temperature of a' phase with Mo content. Fig. 1 illustrates
the influence of the Mo content in the precipitation temperature of o'
phase. Mo addition reduces the temperature range in which occurs o'
phase precipitation. For an alloy with 25 wt.% of Cr and 0% of Mo o'
phase can exist until approximately 520 °C. This limit is the beginning
of precipitation of o (sigma) phase in thermodynamic equilibrium
conditions [15]. The Mo addition decreases such temperature to about
400 °C in the alloy with 25% of Cr and 7% of Mo.

-1 2

3

T T T T T T T T T 1

4
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Fig. 1. o’ phase precipitation temperature as a function of wt.% of Mo for FeCr alloys.
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Fig. 2. o’ phase mass fraction as a function of temperature and %Ni for Fe25%Cr5%Mo system.
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Fig. 3. o’ phase mass fraction as a function of temperature and %Ni for Fe25%Cr7%Mo system.

Figs. 2 and 3 show the mass fraction of the o' phase as a function of 4500 .
the of Mo and Ni content in the Fe 25% Cr system. Mo addition in- 4000; Y S00EEH000R
creases the amount of o' phase. The Ni addition reduces the mass i =
fraction of a' phase. The precipitation temperature range of the a' phase 3500 =
does not change with the Ni addition. Based on Thermo-Calc calcula- 1
tions at 450 °C does not exist a' phase in thermodynamic equilibrium < 3000__
conditions. Aging treatments at 400 °C and 475 °C evaluated o' phase 2 2500
precipitation in non-equilibrium situation. The results calculated in %’ g
Thermo-Calc were compared with experimental data. g 2000 + 3 -
i S -3
. . ™ 1500 4 S s §
3.2. X-Ray diffraction measurements i JL A 1 S )
1000 _A_ 7Mo4Ni
The o' phase has the same crystal structure and lattice parameter - 1 A A AT
similar to the ferritic matrix. Therefore, the XRD is not an appropriate
technique to identify the a' phase, but can be used to identify other 0 ] | . : A Tk . I5M°4Ni'
secondary phases with lattice parameters and crystal structures dif- 40 60 80 100
ferent of ferrite. 20 (°)

Measurements of X-ray diffraction (Fig. 4) in aged samples at 400 °C
for 1000 h revealed only the presence BCC phase and not identified the
precipitation of intermetallic phases (¥, p, o) under the conditions

Fig. 4. XRD patterns to experimental alloys aging at 400 °C for 1000 h.
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Fig. 5. XRD patterns to experimental alloys aging at 475 °C for 1000 h.

Fig. 6. SEM image of the 5Mo4Ni alloy aged at 475 °C for 1000 h.

studied. Although the diffractograms have not identified a second phase
different of ferrite, according to the calculations of the Thermo-Calc o'
phase is more likely that temperature range and has the same crystal
structure of ferritic matrix. Furthermore, a' phase does not have mo-
lybdenum in its composition, is very thin and can not be observed by
SEM or XRD [20-23].

The diffraction measurements were used in all samples, but the most
relevant results were observed for the most critical situation of the
475 °C (1000 h), in the others time/temperature conditions the results
were similar to those observed for the samples treated at 400 °C
(1000 h).

Table 3
EDS measures (%mass) the points in the SEM image for 5Mo4Ni aged at 475 °C
for 1000 h.

Points %Cr %Mo %Ni %Fe
1 24,78 + 0,8 6,03 = 0,4 4,23 = 0,3 64,79 = 1,9
2 62,86 = 1,9 13,16 = 0,7 2,2 £ 0,2 21,78 + 0,8
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Fig. 7. Vickers micro hardness as a function of aging time for experimental
alloys; a) 400 °C; b) 475 °C.

XRD patterns for samples with 7 wt.% of Mo aged at 475°C for
1000h only identified ferritic phase (BCC) peaks, whereas for the
5Mo4Ni alloy aged at 475 °C for 1000 h (Fig. 5), showed a very low
intensity peak that does not correspond to BCC phase.

For 5Mo4Ni alloy treated at 475 °C it was compared the XRD pat-
terns (Fig. 5) with SEM image (Fig. 6) and EDS measures (Table 3). The
low intensity peak corresponds to Cr and Mo rich phase, showed in the
SEM image (Fig. 6) for point (2) and identified with o phase (about
62%Cr-13%Mo-2%Ni). The o phase has tetragonal body centered (TBC)
represented by (Fe, Ni)x(Cr, Mo)y with precipitation temperature range
500 °C a 1000 °C [26]. At 475 °C the o phase precipitation is more likely
than the precipitation of x phase (Precipitates rich in Mo) and chro-
mium carbide (M3Cg), occurring in the superferritic stainless steels in
the temperature range between 600 °C and 950 °C [4-7]. The point (1)
was identified with ferritic matrix (about 24%Cr-6%Mo-4%Ni).

3.3. Mechanical and magnetic properties

The aging heat treatment led to an increase in hardness of the alloys
(Fig.7a-b). For annealed samples micro hardness is in the range 280-
380HV and increases with treatment time to about 620HV in 7Mo4Ni
alloy treated at 475 °C for 1000 h. Changes in hardness of the alloys
during aging were compared with the variation of the percentage of
ferrite measured by a ferritoscope (Fig.8a-b). The increase in hardness
was accompanied by a reduction in the ferritic phase.

The results from ferritoscope measurements (Fig.8a-b) showed a
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Fig. 8. Amount ferrite phase as a function of aging time a) 400 °C; b) 475 °C.

reduction of magnetic permeability on aged samples when compared to
the solution annealed samples. The measurement obtained is propor-
tional to the ferromagnetic phase content, i.e., ferritic phase.

Fig. 8 shows the change of ferrite phase with time at 400 °C (Fig.8a)
and 475°C (Fig.8b). The time less than one hour is the measure of
annealed sample. The samples treated at 475 °C showed a greater re-
duction of the ferrite content in the samples treated at 400 °C. For the
samples treated at 400 °C the reduction occurs until 100 h, reaching
80% in 7Mo2Ni alloy, remaining constant with increasing time. For
samples treated at 475 °C for 500 h the amount of ferritic phase was
approximately 40% in 7Mo4Ni alloy and 50% in 5Mo4Ni and 7Mo2Ni
alloy and remains constant after 500 h. Other authors also observed the
increase of the hardness related to the reduction of the ferritic phase in
ferritic stainless steels aged in the same temperature-time range, this
effect was attributed to the precipitation of a Cr-rich phase [20-23].

3.4. Corrosion analysis

Fig. 9 shows the anodic polarization curves for samples annealed
and aged at 400 °C and 475 °C for 1000 h. It was measured the pitting
potential (Ep), corrosion potential (Ec.r), the passivation potential
range (AEp.ss) and passivation corrent density (ip.ss) for alloys pre-
sented in the Table 4. The higher potential indicates best corrosion
resistance of the alloy. It was observed that annealed samples pitting
potentials (E,) for 7Mo4Ni (E, = 1,06 V) and 7Mo2Ni (E, = 1,04V)
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Fig. 9. Polarization curves for the solution and aging at 400°C and 475°C
samples a) 5Mo4Ni; b) 7Mo2Ni ¢) 7Mo4Ni.

were greater than for 5Mo4Ni (E, = 1,03 V), probably due to the higher
Mo content in these alloys. The increase Mo content in the FeCrMo
alloys improve corrosion resistance in various environments [10-12].
For the samples treated at 400 °C for 1000 h, the pitting potential
measurements remained the same measured for annealed samples be-
tween 1,03V and 1,1 V. For alloys treated at 475 °C for 1000 h occurred
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Table 4
Ecorrs Ep, AEpaes and ipaes values extracted from the polarization curves.

Heat Treatment Alloys Ecorr (V) Ep (V) AEpas6 (V) ipass (HA/ cm?)
Solution 5Mo4Ni -0,16 1,03 1,10 3,10
7Mo2Ni -0,18 1,04 1,10 4,70
7Mo4Ni —0,04 1,06 0,95 12,70
400 °C 1000 h 5Mo4Ni -0,14 1,04 1,03 3,0
7Mo2Ni -0,18 1,04 1,10 4,70
7Mo4Ni -0,22 1,06 1,06 62,2
475°C 1000 h 5Mo4Ni -0,14 0,40 0,40 2,10
7Mo2Ni -0,11 0,80 0,80 27,4
7Mo4Ni -0,16 0,10 0,10 1,20

SpotMagn Det WD Exp }——— 100um

x SE 104 1

sUUX

=

- 1W00um ===

Det WD Exp
SE 104 1

Fig. 10. SEM images of the surface after corrosion test for 5SMo4Ni alloy a)
400°C_1000 h b) 475 °C_1000 h.

marked reduction of Ej, to 0,1V in 7Mo4Ni and 0,4 V in 5Mo4Ni. The
thermal treatment at 475°C for 1000 h also reduced the passivation

Appendix A
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range (AEp,s,) to about 1,03 V-0,4 V in 5Mo4Ni, 1,1 V-0,8 V in 7Mo2Ni
and 0,95V-0,1V in 7Mo4Ni when compared to annealed samples and
treated at 400 °C.

The heat treatment to 475 °C affects the resistance to pitting cor-
rosion and passivation range, besides increasing the passivation current
all alloys in relation to the solubilized state, these changes in the
measured parameters showed instability of the passive film with re-
duced corrosion resistance and favor pitting corrosion. Comparing the
results obtained in the corrosion test with the results of measurements
of hardness and magnetic properties, the samples treated at 475 °C
showed a reduction in corrosion resistance accompanied by an increase
in hardness and a reduction in the amount of ferric phase. A higher
amount of Cr-rich phase precipitated at 475 °C increased susceptibility
to pitting corrosion in the Cr depleted matrix.

SEM (Fig.10) observed effects of corrosion on the surface of the aged
and annealed samples. The surface of the alloy treated at 400 °C for
1000 h subjected to polarization test shows small pits as well as in
annealed samples. While the corrosion test on the surface of the samples
treated at 475 °C for 1000 h caused the formation of large amounts of
pits due to brittle Cr-rich phase.

4. Conclusions

According to Thermo-Calc calculations, Mo addition reduces the
highest precipitation temperature for the a' phase and increases the
amount of this phase. While the Ni addition reduces the mass fraction of
a' phase precipitated. From the 450 °C temperature, in equilibrium
conditions, it does not occur to o' phase precipitation.

Experimental heat treatment at 400 °C and 475 °C for various times
increased hardness of the alloys due to presence of a second hardest
phase in the ferritic matrix. The diffraction patterns did not identify this
phase, but confirmed that it is probably BCC as the matrix. The low
intensity peak corresponds to Cr and Mo rich phase in the 5Mo4Ni alloy
treated at 475 °C for 1000 h was identified as the most likely sigma
phase. The use of ferritoscope revealed to be a good tool to study o'
phase precipitation. Measurements with it showed a decrease in mag-
netic permeability of alloys that can be related to the reduction of the
ferrite (magnetic) phase caused by a paramagnetic phase, probably the
o' phase. The amount of paramagnetic phase precipitated at about 60%
in the 7Mo4Ni aging at 475 °C for 1000 h. The effect of the presence of
brittle phases on the corrosion resistance was more pronounced for
samples treated at 475 °C for 1000 h. The alloys treated at 400 °C for
1000 h showed pitting potential approximately equal to that of the
annealed sample. The surface of the samples treated at 475 °C after
corrosion test showed that the formation of pitting corrosion was higher
than in the samples treated at 400°C and annealed, revealing the
harmful effect on corrosion resistance due to the large amount of
paramagnetic phase precipitated.
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Eq. (1) The pitting resistance equivalent (PRE) number for stainless steels.

PRE = %Cr + 3.3 (%Mo) + 16 (%N)
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