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Abstract

High Mo content in stainless steels improves the resistance to naphthenic corrosion
in equipment used in the processing of heavy crude oil. However, causes the
precipitation of intermetallic phases such as Sigma (o), Chi (x) and Mu (p), nitrides
(FesMo13Na4), carbides [(Cr, Fe, M0)23Cs] or Nb and Ti carbonitrides [Nb(CN) and
Ti(CN)]. These precipitations result in embrittlement, decreased corrosion resistance
at elevated temperatures, and reduced toughness. Experimental alloys of
superferritic stainless steel (25% Cr-X% Mo-Y% Ni) with (X =5 and 7%) and (Y = 2
and 4%) with additional Ti and Nb were developed. The effect of Mo contents higher
than those of the known commercial alloys was studied. The influence of the
chemical composition variation on the kinetics precipitation of intermetallic phases
and evaluated effects on the microstructural characteristics and mechanical
properties were analyzed. The o phase was formed before the x phase in the
samples treated at 600°C and 700°C. However, at higher temperatures of 800 ° C
and 900 ° C, the x phase precipitated earlier than the o phase. The formation of
Gamma (y) phase in samples with more Ni occurred by eutectoid reaction (a — o +
y) in the form of lamellar agglomerates.

Keywords: Superferritic stainless steel; High molybdenum; Phases transformations.

1 Engineering and Materials, PhD, Professor / Industry department, IFCE, Fortaleza, Ceara, Brazil.

2 Engineering and Materials / PhD, Metallurgical Engineering department, UFC, Fortaleza, Ceara,
Brazil

3 Engineering and Materials, DSc, Professor/Mechanical Engineering department, UFERSA,
Mossor6, Rio Grande do Norte, Brazil.

4 Mechanical technician, student, Industry department, IFCE, Fortaleza, Ceara, Brazil.
Mechanical technician, student, Industry department, IFCE, Fortaleza, Ceara, Brazil

6 Engineering and Materials /PhD, professor/Metallurgical Engineering department, UFC, Fortaleza,
Ceara Brazil.



1 INTRODUCTION

The development of ferritic stainless steel in petroleum industry has received
considerable attention in the last decade [1-5]. In the current study, novel alloys were
designed with a content of Cr up to 25 wt% and Mo between 5-7 wt % to improve
naphthenic corrosion and pitting resistance in the chlorides containing environment.
Others elements like carbon (C) and nitrogen (N) were kept low mainly to have a
good ductility and weldability. Nickel (Ni) was added to increase toughness and
niobium (Nb) and titanium (Ti), carbide formers, were added to ensure that the
material presented a ferritic matrix and formed carbides and nitrides that act in the
grain refining [6-9]. Similar alloys but with a smaller amount of Mo have been used in
many corrosive environments such as those in the chemical, petroleum refining,
petrochemical, food processing, paper manufacturing and heat-sealing industries,
and in marine applications [10;11].

The high concentration of alloying elements in stainless steels (austenitic, ferritic,
duplex and high performance) affects the microstructural stability causing the
precipitation of intermetallic phases such as Sigma (o), Chi (x) and Laves (n). They
are the three intermetallic phases most frequently found in stainless steels [4, 6, 12,
13]. Also, the Mu (u) phase precipitates in steels containing higher molybdenum
contents [3, 5]. The o-phase is often observed in various series of stainless steels. It
is a tetragonal crystal structure, and its precipitation temperature is between 600°C
and 1000°C [14-15]. The x-phase may occur in austenitic, ferritic, and duplex
stainless steels and its precipitation is also associated with negative effects on
corrosion and mechanical properties. In stainless steels, the precipitation of nitrides
(FesMo13Na4), carbides (Cr, Fe, M0)23Cs or carbonitrides (Nb(C, N) and Ti (C, N) ) may
also occur [16,17,18]. Such precipitation phenomena result in loss of toughness,
ductility and corrosion resistance of the steel. Apart from the precipitation of all these
deleterious phases, the superferritic stainless steels are susceptible to austenite
precipitation during heat treatment in the temperature range of 500°C to 950°C,
depending on the concentration of Ni [6,9].

The present work investigates the morphological changes in the microstructure and
its influence on the mechanical properties in experimental superferritic stainless
steels when these alloys were exposed to temperatures between 600 and 9000C for
different periods of time.

2 MATERIALS AND METHODS

Three ingots with different compositions were forged. Table. 1 shows the
identification and chemical composition of each alloy.

Table 1. Chemical Composition (wt.%) of experimental

Alloys C Cr Mo Ni Ti Nb N

5Mo4Ni 005 253 58 39 001 0.2 0.06
7Mo2Ni 005 246 76 18 0.01 0.3 0.06
7MO4Ni 005 254 73 42 0.03 0.2 0.06

Samples measuring 15mm x 10mm x 4mm from each ingot were solution annealed
at 1080 °C (5Mo4Ni) and 1180°C (7Mo2Ni and 7Mo4Ni) for 15 minutes and
quenching in water. Isothermal heat treatments were performed in order to induce
precipitation in temperatures from 600°C to 900°C in times ranging from 15 minutes
to 100 h. All samples were water quenching after heat treatment.



The microstructural evolution of the samples was analysed using several
complementary analysis techniques, such as Optical Microscopy (OM), Scanning
Electron Microscopy (SEM) along with chemical microanalysis by Energy Dispersive
Spectrometry (EDS) and X-ray diffraction (XRD). To associate microstructure
changes with mechanical properties, Vickers microhardness (HV) was performed.
Samples were prepared using conventional metallographic preparation. They were
examined by OM and SEM after etching in Behara etchant (23 mL HCI; 0.35g K2S20s5
and 77 mL distilled water) heated to 60°C, followed by electrolytic etching using 2 V
for 10 s in a 40% HNOs aqueous solution [19]. X-ray diffraction was performed with
CuKa radiation, equipped with monochromator and 0.01° step. The XRD
measurements were refined by the Rietveld method [20]. Vickers hardness (HV)
measurements were performed with 0.1 kgf load and time of 10 s.

3 RESULTS AND DISCUSSION
3.1. Microstructural Evolution

Changes in the microstructure were observed by subjecting the material to heat
treatments where the temperature and the time of exposure to these temperatures
were varied. The solution annealed samples presented grain boundary free of
precipitates and completely ferritic matrix with fine and dispersed stabilized carbides.
After heat treatment (Figure 1), the 5Mo4Ni alloy increased the phase precipitation in
the form of plates in the grain boundary and in the ferritic matrix. Some precipitates in
the matrix presented coarse dendritic morphology that evolved forming agglomerates
of lamellar phases close to the grain boundary.

For the 7Mo2Ni alloy, some precipitates showed elongated plates morphology in the
grain boundary and in the matrix. For the 7Mo4Ni alloy, high aging temperature
increased the amount of lamellar phase precipitated. Comparing the alloys with 7%
Mo treated at 800 °C for 10h (Figure 1b-c) it was observed that the increase of 2% Ni
to 4% Ni favored the appearance of lamellar morphology. The phase with lamellar
morphology was similar to the morphology found in duplex steels caused by a
eutectoid reaction of the type & — o + y. The presence of Ni in the composition
provides formation of y-phase adjacent to o-phase. The depletion of Cr and Mo and
the presence of Ni in areas close to o-phase decrease the stability of ferrite and they
are replaced by y-phase [21].
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Figure 1. OM samples aged for 10 hours at 800°C a) 5Mo4Ni; b) 7Mo2Ni and ¢) 7Mo4Ni.

In all experimental alloys, the phase precipitation occurred initially in the grain
boundary, triple points and dispersed points in the matrix. With the variation of the
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heat treatment time, phases precipitate growing towards the matrix. Figure 2 shows
the evolution of 5Mo4Ni alloy aged at 900°C for 1 h, 5 h and 10 h.
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Figure 2. Microstructural evolution of 5SMo4Ni alloy aged at 900°C a) 1 h; b) 5 h; ¢) 10h.

The SEM image (Figure 3a) highlights the coarse dendritic precipitation in the
5Mo4Ni alloy heat treated at 800°C for 10 h. EDS analysis identified y-phase forming
the lamellar agglomerates composed of y-phase plates involved by o-phase. The x-
phase appears in smaller quantities within the o-phase and dispersed in the matrix.
The composition of the a-phase within the agglomerates has lower alloying elements
when compared to a-phase located outside the lamellar agglomerates. EDS analysis
for 7Mo2Ni alloy identified x-phase precipitation inside the elongated plates of o-
phase in the grain boundary (Figure 3b). The increase in temperature reduced the
Mo content in the x-phase composition from 22.7%wt Mo at 700°C to 10.5%wt Mo at
900°C. It did not have the y-phase formation in this alloy result that is in accordance
with Thermo-Calc calculations published in Moura et al, 2013 [4].
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Figure 3. SEM image and EDS analysis of the phases of the alloys heat treated at 800 ° C for
10h. a) 5Mo4Ni b) 7Mo2Ni

SEM image and EDS analysis (Figure 4a-b) of the precipitated phases and
microstructural evolution in the 7Mo4Ni alloy aged at 900 °C for 1 h and 10 h,
identified that the dendritic regions are formed by o-phase, are rich in Cr and Mo,
involve regions with high Ni content, and indicate the formation of y-phase. After 10 h
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of heat treatment at 900 °C, The reduction in the quantity of a-phase was followed by
the increase of precipitated o and y-phases quantities. Phases morphology and
evolution of precipitations showed notable characteristics of a eutectoid reaction.
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Figure 4. SEM image and EDS analysis of the phases of the alloys heat treated at 800 ° C for
10h. a) 5Mo4Ni b) 7Mo2Ni

The kinetics of phase precipitation with respect to composition, temperature and
treatment time variation were studied using XRD measurements (with Rietveld
refinement). XRD patterns measurements in all alloys heat treated at 600 °C only a
and o-phases was detected and confirmed by SEM / EDS analyzes. In the alloys with
4% Ni treated at 700 °C, the presence of y-phase was observed. In the 5Mo4Ni alloy,
the y-phase was detected after 100 h of treatment, while for the 7Mo4Ni alloy the y-
phase was detected after 10h of heat treatment. This increase in y-phase kinetics in
the 7Mo4Ni alloy may be related to the higher amount of o-phase precipitated in this
alloy which favours the formation of y-phase that is formed in the depleted regions of
Cr and Mo. The precipitation of ag-phase occurred in all alloys, for the alloys with 7%
Mo it occurred after 15 minutes, while for the 5Mo4Ni alloy the o-phase precipitated
after 30 minutes of heat treatment. The increase of Mo content from 5% Mo to 7%
Mo accelerates the kinetics precipitation of the o-phase. The increase in temperature
from 600 °C to 700 °C favored precipitation of the x-phase after 5 h of treatment.
Figure 5 shows the diffractogram of the 5Mo4Ni alloy treated at 900°C between 1 h
and 100 h in the interval 26 between 35 and 55 °. The dissolution of the x-phase, the
increase of the amount of o-phase and the increase of the precipitation of the y-
phase after 100 h of heat treatment, accompanied by the reduction of the intensity of
the ferrite peaks, were highlighted.

Raising the temperature from 700 °C to 800 °C accelerated y-phase precipitation at
the 5Mo4Ni alloy started after 10 h at 800 °C and at 7Mo4Ni alloy after 5 h at 800 °C.
For samples heat treated at 800 °C and 900 °C, between 1 h and 10 h, increased the
amount of x-phase and reduced the amount of o-phase precipitated. For alloys
treated at 900 °C, the kinetics of phase transformation in the 7Mo4Ni alloy was
higher than that observed for the other alloys studied. The 7Mo2Ni alloy presented
lower transformation kinetics after 10 h of treatment and lesser amount of secondary
phase precipitated compared to 4% Ni alloys (Figure 6).
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Figure 5. XRD patterns to 5Mo4Ni alloy treated at 900°C at various time
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Figure 6. XRD patterns to 7Mo2Ni alloy treated at 900°C at various time

The curves of phases precipitated for the 5Mo4Ni alloy were compared with the
hardness measurements (Figure 7a-b). It was observed that the hardness increase is
related to the increase in the amount of deleterious phases precipitated in all alloys
studied. The hardness reduction, in 5SMo4Ni alloy, was observed in the range of 30
minutes to 5 hours of the sample treated at 900 °C which coincides with the reduction



of the amount of o-phase precipitated. A higher amount of y-phase in samples heat
treated at 900 °C for 100 h resulted in the reduction of hardness 561 HV at 900 °C,
when compared to samples heat treated at 700 °C (601 HV) and 800 °C (606 HV).
The reduction of hardness after heat treatment at 800 °C for 10 h can be related to
the onset of y-phase transformation.
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Figure 7. Comparison between phase precipitation (a) and hardness (b) as a function of the isothermal
treatment in the 5Mo4Ni alloy

For the 7Mo2Ni alloy, the maximum hardness occurred at 700 °C /100 h (594 HV),
exactly in the condition of greater precipitation of deleterious phases. In the 7Mo4Ni
alloy at 900°C/100 h (687 HV) with increasing amount of transformed y-phase, the
hardness was lower than the samples heat treated at 700°C (717 HV) and 800°C
(770 HV).

In the present work, the hardness increase related to the precipitation of o and x-
phases and the reduction of hardness associated with austenite transformation were
observed. The relationship between the increase in the amount of intermetallic phase



(0 and x phases) and the hardness increase was also observed previously in AlSI
444 ferritic stainless steels treated between 560°C and 800°C 41.
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Figure 8. Comparison between phase precipitation (a) and hardness (b) as a function of the isothermal
treatment in the 7Mo2Ni alloy

4 CONCLUSION

This study involved the phases present in novel FeCrNi with high contents of Mo in
the temperature range from 600 °C to 900 °C for different periods of time. For alloys
heat treated at temperatures of 600°C and 700°C, the o-phase formed before the x-
phase. For higher temperatures of 800 °C and 900 °C, the x-phase precipitated after



15 minutes of treatment, before the o-phase, which precipitated only after 5 h of
treatment.

In the 5Mo4Ni alloy (alloy with less Mo) o-phase precipitation started in the contour of
grain with elongated shape and inside the grain in the form of faceted plates. Within
the grain, the o-phase evolved to the formation of dendrites that grew to form lamellar
agglomerates. In the 7Mo2Ni alloy, o-phase precipitation occurred first in the grain
boundary and triple points. In the 7Mo4Ni alloy, the o-phase precipitated in the grain
boundaries forming small regions in the form of rounded plates and in the ferritic
matrix with elongated morphology or faceted plates.

For the 4% Ni content alloys, y-phase occurred by eutectoid reaction (a — o + y),
forming lamellar agglomerates. The 7Mo4Ni alloy had a higher precipitation rate and
a higher amount of secondary phases precipitated in the range of 600 °C to 900 °C.
The phase precipitation rates of the 5SMo4Ni and 7Mo2Ni alloys at 600 °C and 700 °C
were similar. The 7Mo2Ni alloy showed a lower precipitation rate and the lower
amount of phases precipitated at 800 °C and 900 °C after heat treated for 10 h. For
4% Ni content alloys, the presence of y-phase caused the reduction in the hardness.
The 7Mo2Ni alloy presented lower hardness compared to other alloys treated
between 600 °C and 900 °C.
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