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A B S T R A C T

The effect of Ti and Y on the corrosion behavior of the FeCr alloy was investigated in a 3.5% NaCl solution. Ti 
was found to inhibit the formation of the σ phase, significantly reducing the presence of pitting in the material. In 
addition, Ti acted indirectly on the oxide layer, increasing the concentrations of Cr and Fe, consequently 
generating a probable enrichment of Cr2O3 and FeOOH, which enabled the formation of a more stable passive 
film resistant to attack by chloride ions. On the other hand, Y caused the precipitation of a phase identified as 
Fe17Y2, which was accompanied by an elongated σ phase, both located at the grain boundaries, besides the 
formation of Cr23C6 and Y2O3. Its addition resulted in an improvement in the corrosion resistance of the FeCr 
alloy by reducing the precipitation of the σ phase. However, its effect was much less important than that of Ti, 
since the results showed that the FeCrY alloy was still highly susceptible to localized forms of corrosion.

1. Introduction

The Fe–Cr system encompasses materials that have a high techno-
logical importance, such as stainless steel, whose Cr is essential for their 
good resistance to corrosion in several environments. The minimal 
concentration of 11% Cr is necessary for alloys to accomplish effective 
corrosion protection [1]. The oxide becomes more stable and resistant at 
higher concentration. However, the material is susceptible to the pre-
cipitation of secondary phases, whose type strongly depends on the 
other elements added to the alloy.

Studies available in the literature have assessed the influence of el-
ements such as Mo, Si and Nb on the formation of intermetallic phases 
and their effects on the corrosion behavior of high-performance stainless 
steel [2–4]. Some of these effects have been poorly investigated, such as 
the case of Ti, which is often added to alloys at low concentrations. This 
element is easily combined to N and C, a fact that impairs the formation 
of compounds such as (Fe, Cr)x(C, N)y and, consequently, avoids inter-
granular corrosion in the alloy [5,6]. It is known that Ti significantly 
affects the formation kinetics of fragile intermetallic phases, such as the 
sigma phase (σ), which can form a Cr content higher than 20% [7–9]. 
Systematic studies about the influence of Ti on resistance to pitting 

corrosion [10], mainly in ferrous alloys presenting high Cr contents, a 
condition observed in several ferritic stainless steels, remain scarce in 
the literature [11]. Thus, the corrosion behavior of the Fe–25Cr alloy 
added with 0.2% Ti was taken into consideration in the current study.

Based on such an understanding, the addition of new alloying ele-
ments was also considered with the aim of assessing the potential 
resistance to localized corrosion and its effects on the formation of 
intermetallic phases. Y stands out among alloying elements that can be 
added, since it is a promising element given its ability to increase 
resistance to corrosion by triggering significant changes in the micro-
structures, as observed in Al, Ni and Mg alloys [12–15]. One of the ex-
planations suggested for these benefits lies on the fact that Y boosts the 
formation of new phases and improves the distribution of existing 
phases that enable the formation of more protective oxides on the alloy 
surfaces [16]. However, Y’s influence on ferrous alloys is almost only 
seen in studies focusing on resistance to oxidation at high temperatures 
[13,17,18]. Therefore, the aim of the current study was to feature 
Fe–25Cr, Fe–25Cr-0.2Ti and Fe–25Cr-0.2Y alloys in order to assess the 
role of Ti and Y on microstructure and resistance to corrosion, 
comparing them to traditional stainless steels.
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2. Materials and methods

2.1. Preparation and characterization of Fe–Cr-X alloys

The FeCr, FeCrY and FeCrTi alloys were produced as 100 g ingots by 
arc melting from high-purity elements (Fe (Aldrich, 99.98%), Cr (Alfa 
Aesar, 99.99%), Y (Aldrich, 99.9%) and Ti (Merck, 99.81%)) under an 
argon atmosphere (grade 5.0) in a furnace (Analogica, model AN9270) 
equipped with a water-cooled copper hearth and a non-consumable 
tungsten electrode. These alloys were melted at least eight times and 
flipped between each melting cycle to ensure complete melting of the 
elements, as well as to improve chemical homogeneity. Rolling at 980 ◦C 
was then applied to form plates with a final thickness of 2 mm, which 
were obtained through 6 passes. After finishing this process, the hot- 
rolled alloys were air-cooled to room temperature (RT), as seen in 
Refs. [19,20], mechanically cleaned to remove the oxide layers and cut 
to take samples of each composition. Impurity concentrations were 
measured using the Leco CS-230 for carbon, and the Leco TC-400 for 
nitrogen and oxygen, while the concentrations of the alloying elements 
of the Fe–25Cr (FeCr), Fe–25Cr-0.2Y (FeCrY) and Fe–25Cr-0.2Ti 
(FeCrTi) alloys and of the AISI 304 and AISI 430 stainless steels (used for 
comparison purposes in the electrochemical tests) were measured using 
a Bruker S8 TIGER WDXRF spectrometer. The chemical compositions of 
these materials are shown in Table 1. Regarding commercial stainless 
steels, their values are consistent with the ASTM A240/A240 M standard 
[21].

The hot-rolled samples were prepared for microstructural analysis 
based on standard metallographic procedures. The aqua regia solution, 
consisting of 75 vol% HCl and 25 vol% HNO3, was used on the samples 
characterized by optical microscopy, and the 10 vol% oxalic acid solu-
tion (H2C2O4) was applied to the samples analyzed using the scanning 
electron microscope (SEM, JEOL JCM - 5700). Energy dispersive X-ray 
spectroscopy (EDS) was used for elemental mapping and to determine 
the compositions of the precipitates. The X-ray diffractograms (XRD) of 
the samples were obtained from polished surfaces and without chemical 
etching using a Shimadzu LabX XRD-6000 diffractometer (40 kV, 30 
mA) operated with a Cu anode (Kα radiation, λ = 1.5418 Å). Thermo-
dynamic simulations were carried out in the temperature range from 
600 to 1600 ◦C on FeCr, FeCrY and FeCrTi alloys using the ThermoCalc® 
software and the TCFE12 database. The equilibrium phases were 
calculated to provide a reference of the phases expected during the 
manufacturing process. Transmission electron microscopy (TEM) anal-
ysis was carried out using a FEI Tecnai G2 F20 200 kV (FEG) coupled to 
EDS together with scanning transmission electron microscopy (STEM) 

mode of analysis.

2.2. Electrochemical tests and characterization of the oxide layers

For electrochemical testing, each rectangular sample was embedded 
in polyester resin with 0.5 cm2 of the surface area exposed and con-
nected to the copper wire. Before the electrochemical testing, the surface 
of the working electrode was prepared by metallography using silicon 
carbide sandpapers from 200 to 1200 mesh, followed by ultrasound 
cleaning in ethanol and distilled water then dried in air. A three- 
electrode cell setup was used, which consisted of a silver/silver chlo-
ride (Ag/AgCl) saturated reference electrode, Pt counter electrode and a 
specimen as working electrode. All potentials in this study are given vs 
Ag/AgCl electrode. The sample was submerged in a 3.5 wt% NaCl so-
lution without agitation and RT. Prior to all electrochemical tests, 
samples were immersed in the solution for 1800 s to ensure the open- 
circuit potential (OCP) achieved the steady state. The potentiody-
namic polarization anodic curves were conducted from OCP up to + 1 V 
vs Ag/AgCl electrode. Chronoamperometry measurements were carried 
out at potentials of 0.100, 0.180 and 0.600 V, and the current was 
evaluated for 3600 s. These potentials were selected based on the po-
larization curves and correspond to the potential values where the alloys 
produced for this study are passivated (0.100 V), near the Eb of the FeCr 
and FeCrY alloys (0.180 V) and near the Eb of the FeCrTi alloy (0.600 V). 
Electrochemical impedance spectra (EIS) measurement was performed 
at a frequency ranging from 10−2 to 104 Hz with an applied 10 mV 
amplitude of the AC signal. Aiming to better understand the effect of Y 
and Ti on the corrosion behavior of the alloys, EIS test was also per-
formed with 0.600 V versus Ag/AgCl electrode. This potential was 
selected for being close to the break potential (Eb) for the FeCrTi alloy. 
For all the electrochemical tests, the equipment used was an AUTALAB 
potentiostat, model PGSTAT 302 N.

After the electrochemical tests, the surfaces of the FeCr, FeCrY and 
FeCrTi samples were analyzed in the SEM equipment, JEOL JCM - 5700. 
The compositions of their passive films were also determined by X-ray 
Photoelectron Spectroscopy (XPS) in samples that were tested by chro-
noamperometry at 0.100 V for 3600 s. The XPS spectra were obtained 
with a VSW HA-100 spherical analyzer and AlKα radiation (hv = 1486.6 
eV). The high-resolution spectra were measured with constant analyzer 
pass energy of 44 eV (which produces a full width at half-maximum 
(FWHM) line width of 1.6 eV for the Au (4f7/2) line). The pressure 
during the measurements was always less than 6 × 10−8 mbar. The 
sample was fixed to a stainless-steel sample holder with double-faced 
conducting tape and analyzed without further preparation. Surface 
charging was corrected shifting all spectra so that the C1s line due to 
adventitious C was at 284.6 eV. Curve fitting was performed using 
Gaussian line shapes, and a Shirley background was subtracted from the 
data.

3. Results and discussion

3.1. Equilibrium phases

The volume fractions of the phases in the FeCr, FeCrY and FeCrTi 
alloys in the temperature range between 600 and 1600.0 ◦C, predicted 
by ThermoCalc®, are presented in Fig. 1a, b and 1c, respectively. The 
compositions of the phases in equilibrium at the temperatures of for-
mation of the matrix and precipitates are also shown for the three alloys 
in Tables 2–4, following the same sequence as presented above. In order 
to obtain more suitable calculation results for microstructural analysis, 
the contents of impurities such as C, N and O were taken into account in 
the thermodynamic simulation, which are listed in Table 1. In more 
general terms, Fig. 1 shows that the volume fractions of the precipitated 
phases are very low (<10−2) for all the alloys, as indicated in the 
magnified regions between 600 and 1000.0 ◦C, except for the σ-phase 
(Sigma_D8B), which reaches a value of approximately 0.14, considering 

Table 1 
Chemical compositions in wt. % of conventional stainless steels and Fe–Cr-X 
alloys.

Element AISI 304 AISI 430 FeCr FeCrY FeCrTi
Fe Balance Balance Balance Balance Balance
Cr 18.74 ±

0.07
16.1 ± 0.1 24.7 ± 0.1 24.71 ±

0.07
24.25 ±
0.07

Ni 8.04 ±
0.05

0.160 ±
0.001

– – –

Mn 1.1 ± 0.4 0.372 ±
0.006

– – –

Si 0.64 ±
0.06

0.30 ±
0.01

– – –

Y – – – 0.195 ±
0.007

–

Ti – – – – 0.18 ±
0.02

C 0.0730 ±
0.0003

0.0337 ±
0.0003

0.0092 ±
0.0006

0.018 ±
0.001

0.021 ±
0.002

N 0.0470 ±
0.0001

0.0379 ±
0.0001

0.0010 ±
0.0001

0.0014 ±
0.0002

0.0003 ±
0.0001

O 0.024 ±
0.001

0.0054 ±
0.0001

0.016 ±
0.004

0.015 ±
0.001

0.0094 ±
0.0003
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the selected lower temperature limit. From Tables 2–4, it can be seen 
that its precipitation occurs at around 664 ◦C, being a Cr-rich phase with 
content close to 43 wt %, according to the simulation. Its formation 
causes Cr depletion in the areas adjacent to its precipitates, which makes 
it deleterious for corrosion resistance [3]. On the other hand, it can be 
seen that the oxides found in the alloys studied (Cr2O3, Ti2O3 and Y2O3) 
are beneficial to corrosive processes, but their volume fractions are quite 
small, not exceeding a value in the order of 10−3. In the case of Y2O3, it 
should be pointed out that this oxide is unstable in aqueous media and is 
readily hydrated [22]. In the Pourbaix diagram of the Y–H2O system 
[23], the presence of Y(OH)3 can be seen, whose species is attributed 
with a slight protection against corrosion.

Focusing on the FeCr alloy, it can be seen that the appearance of 
Cr2O3 (corundum), at 1515.0 ◦C (Table 2), takes place at practically the 
same temperature at which α-Fe (BCC_A2) is formed, at 1515.6 ◦C, while 
Cr23C6 (M23C6_D84) and Cr2N (HCP_A3#2) appear at 801.8 ◦C and 
716.4 ◦C, respectively. For both Cr23C6 and Cr2N, it has been well 
established in numerous studies that these precipitates make the alloys 

susceptible to intergranular corrosion [1,4]. Regarding the FeCrY alloy, 
it is noted that the rare earth element has brought greater complexity to 
the Fe–Cr system, with various types of precipitates being predicted. YN 
(FCC_A1#2) is formed at 1433.1 ◦C and remains stable, at least up to 
600 ◦C. The combination of Y and C, on the other hand, is only main-
tained at high temperatures. In this case, Table 3 shows the formation of 
Y15C19_beta at 1095.2 ◦C, which occurs shortly after the precipitation of 
the oxide considered to be Y2O3 (M2O3C_D53) at 1098.7 ◦C. Addition-
ally, Fe17Y2 precipitates at 1086.8 ◦C; this phase and Y2O3 remain stable, 
while Y15C19_beta disappears at 782.3 ◦C, concomitantly with the for-
mation of Cr23C6 (M23C6_D84), not ensuring the preventive effect of Cr 
depletion in the α-Fe matrix. This sequence of events is also verified in 
the magnified region of Fig. 1b, where it can be seen that the disap-
pearance of Y15C19_beta leads to an abrupt increase in the volume 
fraction of the Fe17Y2 phase. For the FeCrTi alloy, there is a significantly 
more favorable condition for corrosion resistance, with the appearance 
of Ti2O3 (corundum) in the liquid, well before the formation of α-Fe 
(BCC_A2), at 1511.7 ◦C, followed by the precipitation of Ti(C,N) 

Fig. 1. Volume fraction of all phases in equilibrium between 600 and 1600 ◦C of FeCr (a), FeCrY (b) and FeCrTi (c) alloys predicted by ThermoCalc® software using 
the TCFE12 database. The interpretations of the phase conventions presented in each figure are shown in Tables 2–4, respectively. A magnified region in the range 
600 to 1000 ◦C is also presented in each figure to better visualize the volume fractions of the minority phases.
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(FCC_A1#2), at 1345.1 ◦C.

3.2. Microstructural analysis

The micrographs of the FeCr, FeCrY and FeCrTi alloys are presented 
in Fig. 2 and show grains of different sizes with average values of 137.8 
± 61.9, 113.9 ± 61.4 and 130.9 ± 70.7 μm, respectively. The in-
homogeneity in the grain sizes of these alloys, characterized by their 
high standard deviations, is mainly due to the behavior of the α-Fe 
during hot deformation. As stated in the experimental procedure, all the 
alloys produced were rolled at 980 ◦C, and their microstructures are 
composed of a ferritic matrix as evidenced in Fig. 1. In this case, it can be 
seen that the α-Fe shows continuous dynamic recrystallization during 
hot deformation, the behavior which is typical of materials with high 
stacking fault energy, where cross-slip is facilitated, and dynamic re-
covery becomes highly efficient. In this respect, it is important to 
emphasize that dynamic recovery is the dominant softening mechanism 
in ferritic stainless steels, which generates a low density of dislocations 
during high-temperature plastic deformation, and these steels may even 
have elongated grains [24]. This softening process is complex and not 
well understood, and reduces the driving force for static recrystalliza-
tion. For this condition, studies indicate that static recrystallization can 
be stimulated using intermediate rolling temperatures, since higher 
temperatures stimulate recovery even more and lower temperatures do 
not allow recovery or recrystallization [25,26]. Other proposed solu-
tions to improve grain homogeneity and reduce their average size are 
the application of annealing after changes in hot rolling practices [27] 
and, in this regard, it is seen that grain homogeneity can be affected by 
the chemical composition of the materials. Han et al. [28], for example, 
after hot rolling and annealing processes, observed that 18Cr–2Mo 
ferritic stainless steel stabilized with Nb showed a grain size distribution 
that was concentrated in the 60–240 μm range, whereas for the same 
type of steel stabilized with Nb + Ti, this range was 90–300 μm.

Table 2 
Compositions of the equilibrium phases in the FeCr alloy at temperatures cor-
responding to the formation of the phases indicated by the arrows, predicted by 
ThermoCalc® using the TCFE12 database.

Formation 
Temperature

Denomination 
in Fig. 1a 
(Phase)

Alloy 
Elements (wt. 
%)

Impurity Elements (wt.%)

Fe Cr C N O
 Liquid 75.3 24.7 0.009 0.001 0.02
1515.6 ◦C → BCC_A2 (α-Fe) 74.8 25.2 0.002 0.0004 0.0005

Liquid 75.4 24.6 0.01 0.001 0.02
BCC_A2 (α-Fe) 74.9 25.1 0.002 0.0004 0.0006

1515.0 ◦C → Corundum 
(Cr2O3)

0.007 68.5 0 0 31.5

BCC_A2 (α-Fe) 75.3 24.7 0.009 0.001 1 ×
10−7

Corundum 
(Cr2O3)

4 ×
10−6

68.7 0 0 31.3

801.8 ◦C → M23C6_D84 
(Cr23C6)

17.1 77.3 5.6 0 0

BCC_A2 (α-Fe) 75.4 24.6 0.003 0.001 2 ×
10−8

Corundum 
(Cr2O3)

7 ×
10−7

68.7 0 0 31.3

M23C6_D84 
(Cr23C6)

13.4 81.0 5.6 0 0

716.4 ◦C → HCP_A3#2 
(Cr2N)

0.5 88.1 0.4 11.0 1 ×
10−11

BCC_A2 (α-Fe) 75.4 24.6 0.001 0.0004 4 ×
10−9

Corundum 
(Cr2O3)

2 ×
10−7

68.8 0 0 31.2

M23C6_D84 
(Cr23C6)

11.0 83.4 5.6 0 0

HCP_A3#2 
(Cr2N)

0.3 88.3 0.3 11.2 1 ×
10−11

663.9 ◦C → Sigma_D8B (σ) 57.3 42.7 0 0 0

Table 3 
Compositions of the equilibrium phases in the FeCrY alloy at temperatures corresponding to the formation of the phases indicated by the arrows, predicted by 
ThermoCalc® using the TCFE12 database.

Formation Temperature Denomination in Fig. 1b (Phase) Alloy Elements (wt.%) Impurity Elements (wt.%)
Fe Cr Y C N O

 Liquid 75.1 24.7 0.2 0.02 0.001 0.02
1512.0 ◦C → BCC_A2 (α-Fe) 74.6 25.4 0.004 0.004 0.0005 9 × 10−11

Liquid 72.6 23.3 3.6 0.09 0.004 0.4
BCC_A2 (α-Fe) 75.2 24.8 0.05 0.02 0.001 9 × 10−11

1433.1 ◦C → FCC_A1#2 (YN) 4 × 10−5 0.05 86.3 6 × 10−9 13.6 2 × 10−11

Liquid 58.9 18.5 19.8 0.2 8 × 10−6 2.8
BCC_A2 (α-Fe) 75.2 24.7 0.08 0.02 2 × 10−6 9 × 10−11

FCC_A1#2 (YN) 4 × 10−8 0.0006 86.4 2 × 10−7 13.6 2 × 10−11

1098.7 ◦C → M2O3C_D53 (Y2O3) 5 × 10−11 5 × 10−11 78.8 0 0 21.2
Liquid 58.8 18.2 20.1 0.2 7 × 10−6 2.7
BCC_A2 (α-Fe) 75.2 24.7 0.08 0.02 2 × 10−6 9 × 10−11

FCC_A1#2 (YN) 3 × 10−8 0.0005 86.4 2 × 10−7 13.6 2 × 10−11

M2O3C_D53 (Y2O3) 5 × 10−11 5 × 10−11 78.8 0 0 21.2
1095.2 ◦C → Y15C19_beta 0 0 85.4 14.6 0 0

Liquid 58.7 17.5 21.0 0.2 5 × 10−6 2.6
BCC_A2 (α-Fe) 75.2 24.7 0.09 0.01 2 × 10−6 9 × 10−11

FCC_A1#2 (YN) 3 × 10−8 0.0004 86.3 2 × 10−7 13.6 2 × 10−11

M2O3C_D53 (Y2O3) 5 × 10−11 5 × 10−11 78.8 0 0 21.8
Y15C19_beta 0 0 85.4 14.6 0 0

1086.8 ◦C → Fe17Y2 84.2 0 15.8 0 0 0
BCC_A2 (α-Fe) 75.1 24.9 0.0009 0.008 2 × 10−8 9 × 10−11

FCC_A1#2 (YN) 2 × 10−10 0.0001 86.4 3 × 10−8 13.6 2 × 10−11

M2O3C_D53 (Y2O3) 5 × 10−11 5 × 10−11 78.8 0 0 21.3
Fe17Y2 84.2 0 15.8 0 0 0

782.3 ◦C → M23C6_D84 (Cr23C6) 16.2 78.2 0 5.6 0 0
BCC_A2 (α-Fe) 75.2 24.8 8 × 10−5 0.001 1 × 10−9 9 × 10−11

FCC_A1#2 (YN) 5 × 10−11 4 × 10−5 86.4 3 × 10−9 13.6 2 × 10−11

M2O3C_D53 (Y2O3) 5 × 10−11 5 × 10−11 78.8 0 0 21.3
Fe17Y2 84.2 0 15.8 0 0 0
M23C6_D84 (Cr23C6) 11.1 83.3 0 5.6 0 0

666.2 ◦C → Sigma_D8B (σ) 57.4 42.6 0 0 0 0
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It is worth mentioning that, in this study, AISI 430 and AISI 304 
stainless steels were used to establish a comparison between Fe–Cr-X 
alloys and materials used in the industry, in order to have a better un-
derstanding of the potential of these alloys in relation to corrosion 
resistance. Thus, these two stainless steels were selected because they 
are widely used and have specific microstructural characteristics, where 
AISI 430 presents a ferritic matrix, which is also found in the alloys 
studied, and AISI 304 presents an austenitic matrix, which contains 
higher levels of Cr and especially Ni, thus offering greater resistance to 
corrosion compared to AISI 430. For these commercial stainless steels, it 
should be added that this comparison was carried out in "as received" 
condition, with AISI 430 having an average grain size of 11.8 ± 5.6 μm 
and AISI 304, 8.8 ± 3.7 μm, demonstrating that their average values are 
much lower than those obtained for the FeCr, FeCrY and FeCrTi alloys. 
However, when the relative percentage uncertainties of the grain sizes 
are taken into account, they are around 45% for the FeCr alloy and 54% 
for the FeCrY and FeCrTi alloys, which is not very different from what is 
observed in commercial stainless steels, with uncertainties of 48% for 
AISI 430 and 42% for AISI 304.

Regarding the effects of Ti and Y on the grain sizes of the alloys 
observed in Fig. 2, it can be seen that their additions (~0.2 wt%) were 
not enough to trigger an appropriate refinement of their respective 
microstructures, although satisfactory results have been seen at low 
concentrations for other alloy systems, as observed by Li et al. [29], who 

investigated (Fe83Ga17)100-xYx (x = 0, 0.16, 0.32, 0.48, 0.64) alloys and 
showed that a small addition of 0.16 at.% was enough to significantly 
reduce grain size. This same effect was also observed in Ti alloys [30,31] 
and in Mg–5Li-3A1-2Zn-xY (x = 0, 0.4, 0.8, 1.2, 1.6, 2.0) alloys, whose 
smallest grain size was reached with 0.8 wt% [32]. For Ti, its role as a 
grain refiner in ferrous alloys is already well known in the literature 
[33–35]. Kang et al. [36], who studied UNS S44100 ferritic stainless 
steels with Ti contents between 0.10 and 0.50 wt%, observed that the 
average grain size decreased with increasing Ti concentration, which 
also enlarged the number of (Ti,Nb)(C,N) precipitates.

As previously reported, several precipitates were predicted for the 
FeCr, FeCrY and FeCrTi alloys in the thermodynamic simulations 
(Tables 2–4), with very low volume fractions, except for the σ phase 
(Fig. 1). In this respect, it is worth mentioning that Fig. 2 shows various 
dark spots, especially in the micrograph of the FeCrY alloy (Fig. 2b), 
which correspond only to chemical etching pits, since the sample sur-
faces were strongly etched by the aqua regia solution, given that its 
action time was increased so that all the grain boundaries could be 
revealed. Furthermore, as it will be discussed later, the precipitates 
identified in these alloys have sizes that are only seen at higher mag-
nifications, such as those shown in Figs. 4–6, obtained by SEM, whose 
sample surfaces were etched in 10 vol% oxalic acid (H2C2O4) solution.

Fig. 3 presents the XRD patterns of the FeCr, FeCrY and FeCrTi alloys, 
which only show peaks corresponding to α-Fe. Here, it is important to 

Table 4 
Compositions of the equilibrium phases in the FeCrTi alloy at temperatures corresponding to the formation of the phases indicated by the arrows, predicted by 
ThermoCalc® using the TCFE12 database.

Formation Temperature Denomination in Fig. 1c (Phase) Alloy Elements (wt.%) Impurity Elements (wt.%)
Fe Cr Ti C N O

1600.0 ◦C* Liquid 75.6 24.3 0.2 0.02 0.0003 0.001
Corundum (Ti2O3) 0.0002 1.1 65.5 0 0 33.4
Liquid 75.6 24.3 0.2 0.02 0.0003 0.0005
Corundum (Ti2O3) 0.0001 0.8 65.9 0 0 33.4

1511.7 ◦C → BCC_A2 (α-Fe) 75.1 24.8 0.06 0.005 0.0001 3 × 10−5

1345.1 ◦C → Corundum (Ti2O3) 5 × 10−6 0.1 66.5 0 0 33.4
BCC_A2 (α-Fe) 75.6 24.3 0.2 0.02 0.0003 2 × 10−6

FCC_A1#2 (Ti(C,N)) 0.0004 0.2 79.6 7.6 12.6 0.08
Corundum (Ti2O3) 2 × 10−10 0.0002 66.6 0 0 33.4
BCC_A2 (α-Fe) 75.7 24.3 0.06 8 × 10−6 8 × 10−11 9 × 10−11

FCC_A1#2 (Ti(C,N)) 1 × 10−10 0.02 82.3 17.5 0.2 0.002
660.8 ◦C → Sigma_D8B (σ) 57.2 42.8 0.002 0 0 0
* Corresponds only to the temperature at which the compositions of the equilibrium phases were collected. The formation temperature of Ti2O3 in the FeCrTi alloy is 

higher than the upper temperature limit established in the thermodynamic simulation.

Fig. 2. Optical micrographs of hot-rolled alloys after etching in aqua regia: (a) FeCr, (b) FeCrY, and (c) FeCrTi.
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point out that the detection limit of the technique is around 5% by 
volume [37], i.e., if any phase is present below this level, its peaks will 
not be detected above the noise in the diffraction pattern. Considering 
the volume fractions of the phases shown in Fig. 1, only the σ phase, in 
addition to α-Fe, could have its peaks noticed. In this case, the work of 
Biezma et al. [38] shows that one of the peaks of the σ phase coincides 
with the peak referring to the (110) plane of α-Fe, highlighted in the 
detail on the right of Fig. 3. Aside from this, in this study, the XRD were 
not obtained from powdered samples, and a certain preferential orien-
tation must exist, which would make it even more difficult to identify 
the precipitates, thus requiring additional analyses.

Regarding α-Fe, the literature shows that this phase can present a 
lattice parameter of 2.867 Å [39] and even 2.839 Å [40]. For the FeCr 
alloy, the addition of 24.7 wt% Cr (Table 1), although high, resulted in a 

small change in the lattice parameter of the body centered cubic (bcc) Fe 
structure, which assumed a value of 2.856 Å, since there is little 
discrepancy between their atomic radius (rFe = 1.26 Å and rCr = 1.28 Å). 
When comparing the FeCr alloy with the FeCrTi alloy, which have 
basically the same Cr concentration (24.7 and 24.25%, respectively), 
there is an increase in the lattice parameter to 2.870 Å, even for an 
addition of 0.18 wt% Ti, which is attributed to its larger atomic radius of 
1.47 Å compared to that of Fe, indicating that at least part of the Ti 
added to the FeCr alloy is dissolved in the α matrix. This is most evident 
in the detail on the right of Fig. 3, which shows a significant shift in the 
intensity peak of the crystalline plane (110) of the FeCrTi alloy, which 
takes on a lower value of 2θ. In this respect, the thermodynamic simu-
lation shows that the Ti concentration is 0.06 wt % in the α-Fe phase at 
660.8 ◦C (Table 4). For the FeCrY alloy, which has 24.71 wt% Cr 

Fig. 3. XRD patterns of polished Fe–Cr-X alloys without etching. Peak shift illustrated for (110) plane in the inset.

Fig. 4. SEM images of the FeCr alloy etched in 10 vol% oxalic acid (H2C2O4) solution, showing the presence of precipitates in (a) and (b). X-ray (EDS) elemental 
maps of Fe–K (c) and Cr–K (d) are given for the image in (b), and points 1 to 5 in (a) and 1 and 2 in (b) correspond to the EDS analyses presented in Tables 5 and 6

T.J.M. Jesus et al.                                                                                                                                                                                                                              Journal of Materials Research and Technology 33 (2024) 1600–1622 

1605 



(Table 1), the addition of 0.195 % Y brought virtually no change in its 
lattice parameter, whose value was 2.853 Å. In the Fe–Y system [41], the 
solubility limit of Y in the γ-Fe phase is considered to be lower than 0.6 
at. % at approximately 1350.0 ◦C. In the α-Fe phase, its concentration is 
even more restricted, reaching a value of around 0.0016% at 827.0 ◦C 
and 0.0006% at 427.0 ◦C [42]. This condition of extremely low solu-
bility was also predicted by ThermoCalc® for the FeCrY alloy, which 
presented a content of 8 × 10−5 wt % of Y in this phase at 666.2 ◦C, as 
shown in Table 3. Considering that the atomic radius of Y is 1.80 Å, if 
there were any solubility of this alloying element in the ferritic matrix, 
then this would lead to an increase in the lattice parameter of α-Fe, as 
already reported in the literature for nanocrystalline Fe–Cr–Y alloys 
[43], where the diffraction peaks shifted to lower 2θ positions. These 
observations about the effects of Ti and Y on the lattice parameters of the 
α phase of the FeCr alloy highlight the discussions about the corrosion 
resistance of these materials, as presented in sections 3.3.1 and 3.3.4.

In order to observe the precipitates, SEM/EDS analyses were carried 
out on the FeCr, FeCrY and FeCrTi alloys. Table 5 shows the chemical 
compositions of the precipitates found in a grain boundary region of the 
FeCr alloy, whose morphology is presented in Fig. 4a. Thus, it can be 
seen that these precipitates are rich in Cr (points 1 to 5) and also contain 
a C concentration of around 3.2%. When comparing the Cr concentra-
tions in Table 5 with the results of the thermodynamic simulation, 
shown in Table 2, one can see that such contents are consistent with the 
formation of the σ phase, although these are a little lower and the 
presence of C can make this indication somewhat fragile. In this sense, 
one caveat should initially be made regarding the reliability of the 
numbers presented in Table 5, since EDS is a semi-quantitative analyt-
ical method and there is therefore an uncertainty in the measurement. 
Apart from the consideration of the instrument, in the case of particles, 
one should bear in mind that by placing the beam on them, a contri-
bution from the surrounding matrix can be obtained, which can, in this 
situation, under-quantify Cr concentrations. As far as C is concerned, it is 
a fact that there is some limitation in detecting low atomic number el-
ements due to the phenomenon of X-ray absorption, which occurs as a 
result of the Be window of the detector. That being said, it should not be 
neglected that, in several studies [38,44], the σ-phase nucleates in 
high-energy regions, advancing more rapidly at the grain boundaries. It 
has also been demonstrated that the presence of chromium carbides 

supports the nucleation of the σ phase due to chemical composition 
gradients [38,45]. Chen and Yang [45], for example, found M23C6 par-
ticles, with sizes around 0.1 μm, completely surrounded by the 
rod-shaped σ phase. In this context, Villanueva et al. [44] reported that σ 

particles tend to be elongated at first but take on a more rounded shape 
after saturation at the grain boundaries. This morphology with a glob-
ular appearance can be seen in Fig. 4a of the present study. Furthermore, 
for the FeCr alloy, it is predicted that Cr23C6 precipitation will occur 
before the σ-phase (Table 2), having a volume fraction of the order of 
10−3, as shown in the magnified region of Fig. 1a.

Another important fact is that the temperature at which the alloy was 
rolled, at 980.0 ◦C, provides suitable conditions for Cr23C6 precipitates 
to remain. According to Cardoso et al. [46], at temperatures close to 
1100.0 ◦C, diffusion is still relatively slow and there is no complete 
dissolution of all the carbides. Considering that part of these carbides is 
dissolved, the C atoms, which present a higher diffusion coefficient, 
migrate more easily to the interior of the grains, leaving behind regions 
with high concentrations of Cr that could become sites for σ nucleation. 
In the case of hot working, it can also be seen that recrystallization itself 
creates thermodynamic conditions for the occurrence of several pre-
cipitates, mainly the σ phase [47]. Thus, one can assume that the C 
content presented in Table 5 is related to tiny particles of Cr23C6 
dispersed within the σ-phase, as observed by Chen and Yang [45].

Also regarding the FeCr alloy, Fig. 4b shows the existence of pre-
cipitates rich in Cr and poor in Fe, as observed in the element distribu-
tion maps (Fig. 4c–d). From Table 6, it can be verified that their Cr 
concentrations are higher than those found for the σ phase. In addition, 
their Fe concentrations, at around 8.3 wt %, although possibly 
contributed by the surrounding matrix, and the presence of C, show that 
these are Cr23C6 precipitates. This understanding becomes clearer when 
comparing these results with the concentrations predicted by thermo-
dynamic calculations at 663.9 ◦C (Table 2). Regarding Cr2O3 and Cr2N, 
which were also predicted in the simulation, there was no evidence of 
the formation of these phases. Here, it is worth highlighting that their 
volume fractions presented values in the order of 10−4 (Fig. 1a).

For the FeCrY alloy, a much greater number of precipitates can be 
seen located on the grain boundaries, as shown in Fig. 5. Its element 
distribution maps (Fig. 5b–d) show that these precipitates are predom-
inantly Fe and Y rich. In the case of Cr (Fig. 5c), only a few faint lines 

Fig. 5. SEM image of the FeCrY alloy etched in 10 vol% oxalic acid (H2C2O4) solution, showing the presence of precipitates in the grain boundaries (a) and X-ray 
(EDS) elemental maps of Fe–K (b), Cr–K (c) and Y-L (d). The region delimited in (a) is seen magnified in (e), with its Y-L distribution map (f). Points 1 to 4 (e, f) 
correspond to the EDS analyses presented in Table 7.
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slightly depleted of this element are observed in the same places where Y 
stands out (Fig. 5d). In order to better identify the precipitates, a region 
was selected for quantifying the elements, which corresponds to the area 
delimited by a square in Fig. 5a, and is shown at a higher magnification 
in Fig. 5e. The Y distribution map of the region analyzed was also ob-
tained and is shown in Fig. 5f. Thus, EDS analyses show that points 1 and 
3 (Table 7) have Y contents of 15.4% and 12.1% respectively, which 
contrasts with the ferritic matrix (point 4), where Y was not detected. 
Table 3 indicates that these precipitates correspond to Fe17Y2, since the 
other Y-rich phases (YN and Y2O3), predicted in the simulation, have 

Fig. 6. SEM-BSE image of the FeCrY alloy etched in 10 vol% oxalic acid (H2C2O4) solution (a), and X-ray (EDS) elemental maps of Fe–K (b), Cr–K (c), Y-L (d) and O–K 
(e). In (c) some Cr-rich precipitates are indicated by arrows.

Table 5 
EDS results (wt%) for precipitates in the grain boundary region of the FeCr alloy, 
shown in Fig. 4a.

Point Fe Cr C
1 63.0 34.4 2.6
2 53.0 44.2 2.9
3 62.7 33.4 3.9
4 58.7 38.2 3.1
5 61.1 35.6 3.4

Table 6 
EDS results (wt %) for precipitates of the FeCr alloy shown in Fig. 4b.

Point Fe Cr C
1 7.9 90.8 1.3
2 8.7 90.1 1.1

Table 7 
EDS results for the precipitates (points 1 to 3) and for the α-Fe matrix (point 4) of 
the FeCrY alloy, wt. %.

Point Fe Cr Y
1 67.7 16.9 15.4
2 42.6 50.0 7.4
3 65.8 22.1 12.1
4 76.2 23.8 0.0
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much higher contents of this alloying element (>70 wt%). In the liter-
ature, the presence of Fe17Y2 was observed in the studies by Muthaiah 
et al. [43], who analyzed the Fe–15Cr–1Y alloy after heat treatment at 
1000.0 ◦C for 1 h, and by Wang et al. [48], for the annealed 
Fe–13Cr–6Al–2Mo-0.5Nb-0.15Zr-0.2Y alloy. Although the thermody-
namic simulation results show that there is no solubility of Cr in this 
phase (Table 3), He et al. [49], on the other hand, state that Cr can reach 
a maximum value of 18 at. % at 500.0 ◦C.

Taking point 2 of Table 7 into account, there is also a precipitate with 
a high Cr content, which is consistent with the σ-phase observed in the 
FeCr alloy. This phase, as previously discussed, is also expected for the 
FeCrY alloy (Table 3). Its Y concentration of 7.4% is due, in this case, to 
interference from the Y-rich precipitates that surround it, and its elon-
gated shape, seen in Fig. 5e, is in accordance with the studies by Villa-
nueva et al. [44] and Chen and Yang [45], suggesting that this phase is at 
a less advanced stage than that of the FeCr alloy.

The grain boundaries where the Fe17Y2 and σ phases were precipi-
tated, as indicated in Fig. 5 and Table 7, are probably related to the 
better-defined grain boundaries observed in Fig. 2b, which were easily 
revealed by the chemical etching in aqua regia solution, but due to the 
longer time in this medium in order for the other grains to be revealed as 
well, resulted in deeper grooves. These locations that were more prone 
to the formation of secondary phases may be associated with boundaries 
where there is a greater misorientation angle between adjoining grains, 

since it has been observed that these are more susceptible to presenting a 
higher segregation of elements [50,51], which may be strong enough to 
promote the formation of secondary phases [52].

A backscattered electron image of another region also showing grain 
boundaries (Fig. 6a) indicates the presence of precipitates rich in Y and 
O, as shown in Fig. 6d and e, respectively. It is also noticeable that Fe 
and Cr are basically non-existent in these same locations (Figure b–c), 
which points to the fact that they are Y2O3 precipitates. Their volume 
fraction is extremely low based on thermodynamic simulation, in the 
order of 10−4, while for Fe17Y2, this value is 10−3 (Fig. 1b). In this 
respect, it should be mentioned that there is a strong affinity of Y with O 
[53], whose content of this element is (0.015 ± 0.001) wt.% in the 
FeCrY alloy.

Some Cr-rich precipitates, indicated by arrows in Fig. 6c, are also 
observed, one of which was formed adjacent to a Y2O3 precipitate, close 
to the grain boundary. The STEM analysis in the annular dark field 
(ADF) mode of the FeCrY alloy (Fig. 7) shows, through the element 
distribution maps (Fig. 7b–c), the existence of two types of Cr-rich 
precipitates: one poor in Fe, exemplified by a yellow dotted line, being 
more dominant in the analyzed region, which must correspond to 
Cr23C6, despite the impossibility of analyzing C; and another rich in Fe, 
exemplified by a white dotted line, which is believed to be the σ phase. 
In this case, it should be pointed out that its morphology is consistent 
with the elongated aspect observed for the same phase identified in 

Fig. 7. STEM image in ADF mode for FeCrY alloy (a) and X-ray elemental maps of Cr–K (b), Fe–K (c) and Y-L (d) of the region delimited in (a).
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Fig. 5e.
The Y distribution map (Fig. 7d), in turn, shows the presence of Y- 

rich precipitates with a morphology not well defined, and with sizes 
smaller than 165 nm, which can be attributed to Y2O3, identified in 
Fig. 6. Their sizes are much smaller than those observed in Fig. 6a, of 1.6 
and 4.7 μm, but since plastic deformation in ferritic alloys is complex 
and inhomogeneous, as discussed previously, the smaller Y2O3 pre-
cipitates observed in this region may be due to a more pronounced 
fragmentation. In this sense, the thermodynamic simulation indicates 
that Y2O3 is formed at 1098.7 ◦C (Table 3), which shows that this oxide 
remains stable during rolling at 980 ◦C of the FeCrY alloy. Regarding the 
process of deformation and recrystallization of secondary phases, it can 
be seen that when slip systems are activated, these phases initially block 
the dislocation movements, leading to a high concentration of stresses. 
In the case of Y2O3, the large difference in the modulus of elasticity 
between the matrix and its precipitates results in irregular deformation 
[53] and, in such circumstances, the high concentration of local stress 
around the precipitates promotes cracks in those with greater thickness. 
This gradual breakdown of the coarse precipitates due to the propaga-
tion of cracks during plastic deformation subsequently causes a process 
of spheroidization as a way of minimizing the surface energy of these 
fragmented precipitates. In this case, it is also observed that their dis-
tribution in the matrix becomes more homogeneous [54].

For the FeCrTi alloy, one could notice the presence of some rounded 
precipitates dispersed in the α-Fe matrix, indicated as points 1 and 2 in 
Fig. 8. Considering their Ti, C and N contents, presented in Table 8, it can 
be said that these are titanium carbonitrides of the Ti(C,N) type, as 
shown in Table 4. To this fact, it should be added that Ti controls the 
interstitials in stainless steels, which allows the precipitation of stable 
compounds such as TiN, TiC and Tix(C,N)y that, in turn, inhibit the 
formation of chromium carbides that are highly detrimental to corrosion 
resistance [55]. In the case of the FeCrTi alloy, the concentrations of the 
elements are different from those presented in the thermodynamic 
simulation (Table 4). In this respect, it is important to make two con-
siderations: (1) low atomic number elements, such as C and N, present a 
certain limitation in relation to detection by EDS, and the surrounding 
matrix also contributes in the case of particles, as previously reported, 
and (2) the C and N contents themselves undergo quite significant 
changes as the temperature decreases, as it can be seen by comparing 
their values at 1345.1 and 660.8 ◦C, where an inversion is noted, with 
the highest temperature presenting a higher concentration of N in 
comparison to C, leaving unclear which contents were assumed in 
non-equilibrium conditions. In this sense, the EDS results for these ele-
ments are consistent with the expected (C > N), since the FeCrTi alloy 
has 0.021 wt % of C and 0.0003 wt % of N (Table 1).

From thermodynamic calculations, the formation of Ti2O3 is also 
expected, but this oxide was not detected in the α-Fe matrix. In this case, 
it should be noted that its volume fraction is estimated to be in the order 
of 10−4, which is lower than that corresponding to Ti(C,N), whose value 
is 10−3. Regarding the σ phase, its precipitation was not identified by 
SEM/EDS, unlike the FeCr and FeCrY alloys. In this respect, studies have 
considered that Ti accelerates its formation [56,57]. According to Bla-
chowski et al. [7,8], this process occurs for Ti contents ≤1.5 at. %, with 
the highest rate for alloys containing 0.3 at. % Ti. However, Vasilyuk 
and Butenko [58], taking into account electronic vacancy calculations, 
suggested that Ti delays the formation of σ. In this aspect, it can be said 
that the results presented for the FeCrTi alloy seem to converge with this 
understanding, although Fig. 1c points to a contrary prediction. Thus, in 
order to clarify any doubts about the existence of this phase, a more 
detailed analysis was carried out by TEM.

Fig. 9 shows the TEM micrograph of this alloy in bright field (BF) 
mode and the corresponding selected area diffraction (SAD) in ring 
pattern shape in the top right corner. It can be seen from this figure that 
only a labyrinth-type structure is present, which is developed by the 
movement of dislocations in two or more slip systems, giving origin to 
two sets of presumably perpendicular dipolar walls, according to Bou-
langer et al. [59]. This structure is typical of dislocation substructures in 
the form of persistent slip bands (PSBs), which must have been produced 
during rolling at 980.0 ◦C. Here, it is worth highlighting that the driving 
force for static recrystallization tends to be reduced during the hot 
deformation of α-Fe, as discussed previously.

In the case of labyrinth structures, Tjong [60] observed similar 
substructures in the cyclic deformation of Fe–25Cr-(2–4)Al and 
Fe–19Cr–4Ni–2Al alloys, and pointed out that C has a strong influence in 
b.c.c. metals and alloys. In this sense, Mughrabi et al. [61] consider that 
the C in α-Fe is responsible for reducing the mobility of non-screw dis-
locations to that of the screw dislocations, which could result in the 
existence of very dense primary edge multipole structures. From Fig. 10, 
which presents STEM-HAADF images (high-angle annular dark field) in 
Z-contrast mode of the FeCrTi alloy, one can also observe subgrains 
distributed throughout the microstructure with sizes of around 1 μm. 
Inside the α-Fe phase subgrains (Fig. 10b), there are still many slip 

Fig. 8. SEM image of the FeCrTi alloy etched in 10 vol% oxalic acid (H2C2O4) 
solution, showing the presence of precipitates in the α-Fe matrix.

Table 8 
EDS results for precipitates of the FeCrTi alloy, wt. %.

Point Fe Cr Ti C N
1 66.1 20.8 6.7 6.0 0.4
2 61.1 19.0 15.1 3.8 1.1

Fig. 9. TEM micrograph in BF mode of the FeCrTi alloy with its respective SAD 
showing a labyrinth-type structure.
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Fig. 10. STEM-HAADF images in Z-contrast mode of the FeCrTi alloy, showing in (a) subgrains of the α-Fe phase with sizes around 1 μm and, in (b), the presence of 
slip bands and dislocation tangles. The delimited region (white dotted line square) is presented in the sequence (Fig. 11) at higher magnification, together with X-ray 
(EDS) elemental maps.

Fig. 11. STEM-HAADF image in Z-contrast mode of the FeCrTi alloy in (a), and X-ray (EDS) elemental maps of Fe–K (b), Cr–K (c) and Ti–K (d) of the region delimited 
in (a), showing nanometric regions around 6 nm with Ti enrichment.
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bands, as well as dislocation tangles, as observed by Li et al. [62]. Ac-
cording to Tjong [60], the agglomeration of these tangles can lead to 
loop patches, which are also considered to be dislocation substructures.

In order to further investigate the issue of the σ phase, element dis-
tribution maps were obtained, since this phase is rich in Cr. The results, 
however, only pointed to another type of precipitation. Thus, it can be 
seen in Fig. 11, which corresponds to the magnified region delimited in 
Fig. 10b, that there are nanometric-sized regions, around 6 nm, with Ti 
enrichment which, due to the presence of C in the alloy, may correspond 
to nanometric TiC carbides dispersed in the α-Fe matrix. This fact, 
associated mainly with the non-occurrence of σ precipitation, provides a 
promising response from a corrosion point of view. Therefore, it can be 
said that the low concentration of Ti (~0.2 wt%) in the FeCrTi alloy was 
sufficient to inhibit its nucleation. In this context, it is observed that the 
concentration and type of alloying element play a fundamental role in 
the appearance of this phase. Zhang et al. [63], for example, found that 
increasing the concentration of N prevents the formation of σ in super 
austenitic stainless steels. On the other hand, in the case of Mn, a higher 
content of this element (from 10.95 to 16.79 wt %) promotes a signifi-
cant increase in its precipitation rate in duplex stainless steels [62], 
which is attributed to the fact that higher levels of Mn and Cr participate 
in its formation.

3.3. Corrosion resistance

3.3.1. Anodic polarization curve
Anodic polarization curves of FeCr, FeCrY and FeCrTi alloys, as well 

as of AISI 430 and AISI 304, are shown in Fig. 12. A current plateau is 
observed in all samples, characterizing a behavior typical of that which 
undergoes passivation alloys. It is important to highlight that all alloys 
in this study present high Cr content in their compositions, as seen in 
Table 1, and this element is essential for the formation of a resistant and 
stable oxide layer. In the case of stainless steels, the minimum Cr con-
centration at which oxide formation with good protective properties can 
be observed is 10.5 wt%, according to the EN 10088-1 [64]. The alloys 
produced for this study have a higher Cr content, which explains their 
better performance when compared to commercial alloys.

Although the approximate values of the corrosion potentials (Ecorr), 
obtained in the OCP, are very close for all samples, namely FeCr 
(−0.152 V), FeCrY (−0.147 V) FeCrTi (−0.149 V), AISI 430 (−0.179 V) 
and AISI 304 (−0.1778 V), Fig. 12 depicts that the FeCrTi alloy presents 
a broader and better-defined passive region than the other ones. This 

behavior is indicative that the Ti contributes to the formation of a more 
stable and resistive oxide. Based on the polarization curve profiles, os-
cillations and instability in the current were observed, especially for the 
FeCrY alloy. Such an event may be related to the competition between 
the formation and nucleation of metastable micro-pitting and repassi-
vation process of the protective oxide.

Overall, this behavior is observed before the sudden increase in 
current, which is related, many times, to the formation of stable pitting 
on the surface. The potential at which the current density sharply in-
creases is known as breakdown potential (Eb) [65–67]. Although most 
samples do not have a well-defined breakdown potential, it is possible to 
identify the approximate values where the current increases most 
abruptly. For the commercial alloys, this potential is marked in Fig. 12 as 
Eb1, for the FeCr and FeCrY alloys as Eb2 and for the FeCrTi alloy as Eb3. 
The composition containing Ti has the highest Eb, and the passive range 
(ΔE) is significantly larger compared to the other alloys. Thus, given the 
fixed Cr content in the three compositions (close to 25 wt %), it is 
possible to say that the elements Y and Ti are responsible for micro-
structural changes that have a direct influence on corrosion resistance. 
Indeed, the FeCrTi alloys show anodic curves shifted to lower current 
density values when compared to the FeCr alloy curve. On the other 
hand, the FeCrY alloy behaves in a similar way to the FeCr alloy, 
although it has lower current densities and is more unstable in general. 
Fig. 12 shows greater current instability up to approximately 0.460 V. 
This behavior may refer to the dissolution of the layer due to the 
localized action of chloride ions with the formation of metastable pits, as 
discussed above. This event is often observed in stainless steels and FeCr 
alloys [65–67].

Another possibility for this behavior is the microstructural effect of 
the alloy. According to West [68], who has assessed the electrochemical 
behavior of stainless steel in highly alkaline medium, the anodic po-
larization curve derives from the overlapping of the effects of several 
phases observed in the material the more heterogeneous the micro-
structure, more anodic current peaks can emerge. Based on the micro-
structural analysis of the FeCrY alloy presented in sections 3.1 and 3.2, it 
was observed that this alloy has quite heterogeneous microstructure. 
The thermodynamic simulation results show that the addition of Y to the 
FeCr alloy generated a very complex microstructure, with the presence 
of several precipitates, as shown in Table 3. The σ, Fe17Y2, Y2O3 and 
Cr23C6 phases were identified, the latter two being found in lower vol-
ume fractions, especially when compared to the σ phase. It is important 
to note that the other ferrous alloys also showed microstructures with 
more than one phase. However, the current oscillation was lower, 
especially for the FeCrTi alloy. The FeCr alloy also showed the σ-phase, 
as well as particles of chromium carbides (Cr23C6). However, the 
corrosion behavior observed in this alloy is certainly more influenced by 
the σ phase, which has a higher volume fraction than that of Cr23C6, 
according to the thermodynamic simulation (Fig. 1a). These phases are 
also rich in Cr and deplete the adjacent matrix of this element, thus 
worsening corrosion resistance of the alloy [69]. On the other hand, the 
alloy containing 0.18 wt % Ti showed only Ti (C,N) precipitates 
dispersed in the α-Fe matrix and a nanometric precipitation attributed to 
TiC, as shown by the SEM/EDS and TEM results (Figs. 8 and 11). These 
precipitates favor the corrosion resistance of the material because they 
inhibit the formation of the σ phase [69].

After the anodic polarization assays, the surfaces of all alloys were 
assessed through scanning electron microscopy to confirm the presence 
of localized forms of corrosion and justify the current density increase. 
Although all alloys have presented this corrosion form, a more 
discerning investigation was carried out in alloys produced for the 
present study through images of secondary electrons, as shown in 
Fig. 13a–i. The FeCr alloy presented a surface with several pitting (with 
different diameters), as shown in Fig. 13a–b. Detail 1, in Fig. 13b, makes 
it possible to observe the existence of micro-pitting inside the larger 
pitting. Although pitting is the main form of corrosion observed on the 
surface of the alloy, the formation of pitting in the grain boundary 

Fig. 12. Anodic polarization curves of commercial steels and Fe–Cr-X alloys in 
3.5 wt% NaCl solution without agitation and at RT.

T.J.M. Jesus et al.                                                                                                                                                                                                                              Journal of Materials Research and Technology 33 (2024) 1600–1622 

1611 



regions cannot be ignored, as seen in Fig. 13c. This image suggests the 
occurrence of intergranular corrosion, albeit in its initial phase. This fact 
cannot be overlooked since the microstructure showed the presence of 
the σ phase that nucleates in a high-energy region, advancing more 
rapidly towards the grain boundaries. The literature outspreads in-
dicates that the main intergranular corrosion mechanism in stainless 
steels happens through the formation of carbides at grain boundaries. 
However, the results show that, in this case, the σ phase plays a more 
important role for intergranular corrosion, since chromium carbides 
identified in this alloy revealed that the volume fractions are much 
lower than the σ phase, as expected in thermodynamic simulation.

The images of the FeCrY alloy in Fig. 13d–f shows pitting with larger 
diameters than those observed for the FeCr alloy. Detail 2, in Fig. 13f, 
shows the existence of micro-pitting inside the larger pitting. However, 
the detail also highlighted that the smaller pits agglutinate and 
compromise large areas of the material. As already discussed, the FeCrY 
alloy showed, in addition to the σ-phase, the Fe17Y2 precipitate, both 
located at the grain boundaries (Figs. 5–7). However, it is important to 
remember that although these phases were observed in higher volume 
fractions than the others formed in this alloy, small particles of Cr23C6 
were also found, which were formed adjacent to a precipitate of Y2O3, 
close to the grain boundary. However, based on the established polari-
zation conditions, there were no regions featuring intergranular corro-
sion in this alloy, although the existence of phases with different 
compositions located at the grain boundaries points to the likelihood of 
this type of corrosion to be occurring. This heterogeneity can lead to 

significant differences between potentials of phases found in this grain- 
boundary region, since there are phases richer in Cr and other phases 
richer in Y and Fe. Standard reduction potentials of the elements 
observed in alloys are presented below: 
Fe2+ + 2e−↔ Fe0 E0 = − 0.440 V                                                        
Cr3+ + 3e−↔ Cr0 E0 = − 0.740 V                                                        
Y3+ + 3e−↔ Y0 E0 = − 2.370 V                                                          

Cr and Y present reduction potentials less noble than Fe. However, it 
is known that Cr has passive behavior in several aggressive media due to 
the protective profile of its oxide. The standard reduction potential of Y 
is yet more negative than Cr, but the literature about the electrochemical 
behavior of this element in ferrous alloys is scarce. Because FeCrY alloy 
precipitates are mainly located in grain boundaries, intergranular 
corrosion must not be neglected in this material; therefore, it must be 
further investigated.

Studies available in the literature about the effect of the addition of Y 
on the resistance to corrosion mostly lead towards Mg alloys. Some other 
authors reinforce the benefit of the addition of this element to increase 
resistance to corrosion, but others report that Y is only beneficial in solid 
solution. Nevertheless, when it forms precipitates, it gives negative 
contribution to resistance to material corrosion due to the formation of 
galvanic microcells [70,71].

This behavior is similar to what happens in the FeCrY alloy, although 

Fig. 13. SEM micrographs of alloys after anodic polarization tests: (a–c) FeCr, (d–f) FeCrY and (g–i) FeCrTi. Details 1, 2 and 3 show the emergence of pitting under 
higher magnification.
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studies on Y in ferrous alloys with high Cr concentrations are scarce in 
the literature, especially regarding corrosion resistance [72]. However, 
the anodic polarization curves show that Y contributes, albeit slightly, to 
improve the corrosion resistance of the FeCr alloy. This effect will be 
further investigated through chronoamperometry and EIS tests.

Finally, Fig. 13g–i presents images of FeCrTi alloy surface after po-
larization. Again, images corroborated the electrochemical behavior in 
this material (Fig. 12). The best performance indicated by the higher 
breakdown potential, the wider passivation range and the lower current 
density values are factors that reflect a more defect-free layer on the 
metal surface. This behavior can be justified by the absence of the σ 

phase and the formation of TiC and Ti(C,N) precipitates in the α-Fe 
matrix, as discussed previously. These precipitates are more stable and 
inhibit the appearance of Cr-rich carbides, improving the corrosion 
resistance of this material [70,73].

Another important fact that may have contributed to improve the 
performance of this alloy lies on Ti solubility in the α-Fe matrix. Ac-
cording to the X-ray diffractogram (Fig. 3), there was a shifting of the 
peaks to smaller 2θ positions in α-Fe phase, which indicates increase in 
the Fe lattice parameter as the consequence of Ti atoms dissolution in Fe- 
based solid solution. However, the same was not observed for the Y, 
where there was the formation of precipitates rich in this element. The 
fact that part of Ti remained in the matrix, while part of it was consumed 
for the formation the nanometric TiC and Ti(C,N) precipitates, reduced 
the possibility of galvanic microcell formation and improved the resis-
tance to corrosion in the material.

3.3.2. Chronoamperometry
Chronoamperometry assays were carried out to gather more infor-

mation on the nature of the protective oxide of the alloys in this study. 
Based on the anodic polarization curve, the selected potentials were 
0.100 V (in the passivation region common to all alloys), 0.180 V (close 
to the FeCr and FeCrY alloys breakdown potential) and 0.600 V (close to 

the break potential for FeCrTi alloys). Fig. 14 shows the current transient 
results (I versus t) for the alloys at the potentials determined above.

Fig. 14a presents the anodic current density response at potential of 
0.100 V. Based on Fig. 12, the first chosen fixed potential, E = 0.100 V, is 
relatively close to the breakdown potential region of commercial 
stainless steels. It explains why commercial steels are the only ones 
showing significant current increase, which was followed by a stationary 
current density region that is most clearly observed from 2400 s assay 
time. This behavior indicates that defects have been generated in the 
oxide layer. Based on the applied potential of 0.100 V, the defects that 
occur on the surface of these alloys would be pitting growth. However, it 
is important to point out that the highest current values are attributed to 
AISI 430, which suggests that a larger number of well-developed pitting 
must be found in this material. This behavior corroborates the results 
presented in the anodic polarization curves and is associated with the 
higher Cr content present in AISI 304, as well as the presence of Ni.

On the other hand, FeCr and FeCrY alloys show basically no varia-
tions in current density up to approximately 2100 s. However, at times 
longer than this, currents started to slowly increase, suggesting that the 
first defects start to appear in the oxide layers. It is worth highlighting 
that these alloys have higher Eb than do commercial steels. The current 
responses presented in these materials, when they are subjected to fixed 
potential E = 0.100 V, have shown that the oxide layers in FeCr and 
FeCrY alloys are quite stable, and they provide better protection to the 
alloys. An even more interesting behavior was observed for the FeCrTi 
alloy. The current density remained at close to zero throughout the 
whole assay, which suggested a much more resistant and stable oxide 
formed on the surface of the material. It is important to recall that the 
breakdown potential (Eb) of this alloy is significantly higher than the 
applied potential, and it is indicative of the best resistance to localized 
corrosion among all materials tested under the assessed conditions.

The anodic current density response at the potential of 0.180 V can 
be observed in Fig. 14b. Initially, it the same behavior at the potential of 

Fig. 14. Chronoamperometric curves of commercial steels (a,b) and Fe–Cr-X alloys (a–c) at constant potentials of 0.100 V (a), 0.180 V (b) and 0.600 V (c) monitored 
for 1 h.
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0.100 V was noted, in which, once more, commercial steels recorded the 
highest current densities they were followed by those of FeCr, FeCrY and 
FeCrTi alloys. It is important to have in mind that the applied potential 
was slightly above the breakdown potential of commercial steels. 
Therefore, it was possible to observe a drastic increase in currents in 
these materials, in approximately 300 s after assay-start. Later, the 
current reached stability, mainly in AISI 304. Once more, AISI 430 
presented higher current density values than the other alloys. Under 
these conditions and according to the curves, one could expect that 
pitting had been effectively formed on the commercial steels.

Regarding the FeCr alloy, it was possible to observe unstable 
behavior and a continuous increase in current during all the tests. On the 
other hand, the FeCrY alloy presented current increase at the beginning 
of the test, reaching a maximum value at approximately 300 s. The 
stability of current is observed around 1000 s. According to Park et al. 
[74], this behavior can be attributed to active-area reduction on the 

electrode surface due to passive film growth. Although the behavior of 
FeCr and FeCrY alloys were similar at a potential of 0.100 V, at a higher 
potential, current steady state was reached faster for the FeCrY alloy. 
The decrease in current followed by the plateau indicates that at this 
potential the growth kinetics of the passive film overlaps with the 
dissolution kinetics [75]. Thus, the presence of Y seems to have 
contributed to the formation of a more stable and resistive oxide film 
than that formed on the FeCr alloy. On the other hand, the FeCrTi alloy, 
once more, led to current close to zero throughout the test. This behavior 
highlighted the ability of this alloy to form and maintain the passive 
film.

Finally, the anodic current density response at 0.600 V was observed 
in Fig. 14c. The evolution of the current at this potential was only 
observed for the Fe–Cr-X alloys, in order to further investigate the effects 
of the Ti and Y elements. The influence of Y on resistance to corrosion in 
the FeCr alloy became more perceptible at higher potentials. There is a 

Fig. 15. SEM micrographs of alloys after chronoamperometric tests at constant potential of 0.600 V monitored for 1 h: (a–c) FeCr, (d–f) FeCrY and (g–i) FeCrTi. 
Details 1 and 2 show pitting under higher magnification.
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clear separation among curves at 0.600 V, and it pointed out that the 
FeCr alloy reached current steady-state at higher values. It is known that 
the higher the potential, the easier the chloride ions to be attracted to 
electrode surface. Therefore, the aggressiveness of these ions will be 
more effective on films less resistive and in an initial state of formation; 
consequently, the current tends to rise [72]. This behavior reinforced the 
statement that the presence of Y somehow contributes to the protective 
effect of the formed oxide layer, since the current reached the 
steady-state at lower currents. The beneficial effect of Ti is unques-
tionable: with the increase in potential, the current density still remains 
close to zero, and it shows that, even in the presence of chloride ions, 
passivity remained under the tested conditions.

Alloy surfaces were investigated by scanning electron microscopy 
after the chronoamperometry measurements taken at the potential of 
0.600 V. Fig. 15a–c presents FeCr alloy images where, (a) shows a sur-
face well attacked by the presence of extensive pitting and (b) depicts 
the intergranular corrosion close to the alloy/resin interface. Detail 1 
made it possible to better observe the intergranular corrosion in this 
material. This detail shows that pitting corrosion occurs in two distinct 
regions: inside the grain and on the grain boundary. In the boundary 
region, the process is more intense, and it is possible to see the coales-
cence of the pitting, which promotes the formation of discontinuous 
trenches, resulting in a pitting intergranular morphology. The nucle-
ation and growth of pitting in the grain boundary region is also evident 
in Fig. 13c, obtained after the polarization tests. The formation of a 
pitting intergranular morphology was also observed by Ref. [76], who 
studied the mechanism of intergranular corrosion of AISI 304 and 304 L 
steels.

As discussed in section 3.2, globular precipitates were observed in 
the grain boundary region of the FeCr alloy (Fig. 4). The results of the 
thermodynamic simulation and the identification of these precipitates 
by SEM/EDS indicated that the main phase precipitated at the grain 
boundary of the FeCr alloy corresponds to the σ-phase. Based on the 
literature, σ phase can strongly affect the resistance to corrosion due to 
Cr impoverishment in the ferritic matrix, in adjacent regions to grain 
boundary [77]. The image in (c) shows the oxide aspect generated on 
material surface. One could notice the marks left by the surface sanding 
process, which suggested that the layer formed is not very thick.

Fig. 15d–f presents the surfaces of the FeCrY alloy. The general 
aspect of alloy surface was revealed in (d) and (e). The presence of 
pitting intergranular corrosion is clear, but it was not noticed after curve 
polarization (Fig. 13d–f). Several occurrences of micro-pitting were 
visualized in detail 2. Although pitting corrosion occurs mostly in the 
grain matrix, in Fig. 15d, it is clear that this form of corrosion also occurs 
in the grain boundary region. The coalescence of some pitting promotes 
the formation of a small ditch, in a process that would be related to the 
start of intergranular corrosion, which will possibly evolve into a typical 
ditch-like intergranular morphology.

According to the microstructural analysis of this alloy, in addition to 
the σ-phase, the Fe17Y2 and Cr23C6 phases were also found. All phases 
are located at the grain boundaries and could act to further weaken the 
material in terms of corrosion. However, both the polarization curves 
and the chronoamperometry tests show that the addition of Y increases 
the corrosion resistance of the FeCr alloy. Possible explanations for this 
behavior are the difference in morphology of the σ-phase and the for-
mation of the Fe17Y2 precipitate.

In the grain boundary of the FeCrY alloy, the σ-phase has an elon-
gated shape, unlike the globular precipitate observed in the grain 
boundary of the FeCr alloy, as shown in Fig. 4a and 5e. Villanueva et al. 
[44] and Chen and Yang [45]. relate the elongated shape to a less 
advanced stage of the σ-phase, so it is possible to consider that the 
addition of Y slows down the growth kinetics of this phase. Although the 
thermodynamic simulation did not predict the presence of Cr in the 
F17Y2 phase, the results of He et al. [49] state that at a temperature of 
500.0 ◦C, up to 18 at. % of Cr can be reached in it, so it can be assumed 
that some percentage of Cr is found in its precipitates. It is therefore 

reasonable to propose that the presence of Cr in the F17Y2 phase would 
reduce the growth kinetics of the σ phase, which is deleterious to 
corrosion, thus justifying the greater corrosion resistance of the FeCrY 
alloy compared to FeCr.

It is important to observe that there are studies about ferrous alloys 
with 0.15% Y in the literature, which show the beneficial effect of this 
element for resistance to corrosion. According to Wang et al. [72], the 
addition of Y delays the precipitation of MnS inclusions, purifies the 
grain boundary and improves the alloy microstructure. According to 
these authors, this delay in MnS precipitation the region where pitting 
nucleates allows the emergence of yttrium sulphides or oxy-sulphides in 
its place; therefore, they increase the resistance to corrosion in this 
material.

Fig. 15g–i depict secondary electron images of the FeCrTi alloy. It is 
clear that surfaces were less attacked since there was no pitting at 
advanced stages or intergranular corrosion, due to the absence of the 
σ-phase in this alloy, as previously discussed. Regarding oxide 
morphology, it is important to highlight that the layer formed on the 
FeCrTi alloy is quite different from that observed in the FeCr and FeCrY 
alloys.

It is known that the favorite halogen adsorption sites are likely to be 
the regions presenting flaws in the oxide layers. These regions are 
featured by variations in film thickness; in this case, thinner regions in 
less uniform films show larger electric field through the oxide/solution 
interface, which easily attracts aggressive ions to this region. Thus, the 
adsorbed ions trigger a dissolution process in the oxide layer, which lasts 
until the passive film is locally dissolved and pitting nucleation takes 
place [77].

One can observe (Fig. 15i) that the FeCrTi alloy formed a thicker and 
more compact layer than that of the other alloys. Grooves generated 
during the polishing process were no longer observed. The morphology 
was also different, the layer was grainier and, apparently, more homo-
geneous. These aspects have certainly influenced the passivation ability 
of the FeCrTi alloy and have allowed a more effective protection against 
pitting and intergranular corrosion in the material.

3.3.3. Electrochemical impedance
Fig. 16a–c present the Nyquist diagram and Bode representations 

adjusted for the electrolyte resistance. The impedance spectra were 
taken at open-circuit potential and adjustments in phase angle and in the 
impedance modulus were carried out through equations (1) and (2), 
respectively [78]. 
ϕadj = tan−1 Equation 1 

|Z|adj =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(Zʹ − Re,est
)2
+

√

Equation 2 
Based on the Nyquist diagram (Fig. 16a), all materials presented 

semi-opened and flattened plane capacitive arcs. This non-ideal 
behavior is typical of solid electrodes and, most of the time, it is 
related to frequency dispersion, which emerges because of roughness 
and of other surface heterogeneities [79]. According to Gharbi et al. 
[78], this diagram profile is in compliance with the capacitive response 
that is often observed in oxide films on electrode surface.

Fig. 16a shows that the materials were divided into two groups: AISI 
430 and the FeCrY alloy presented quite similar behaviors, they recor-
ded the lowest impedance values, whereas AISI 304 and the FeCr and 
FeCrTi alloys presented the highest impedance values. Based on the 
impedance module shown in Fig. 16b, it is not possible to observe sig-
nificant difference between materials as seen in the Nyquist represen-
tation. On the other hand, a clearer response was observed through the 
phase angle shown in Fig. 16c.

Phase angle values are lower in AISI 430 (−72◦) and in the FeCrY 
alloy (−76◦), while the other alloys show phase angles close to −80◦. 
This result corroborated the behavior observed in the Nyquist diagrams, 
which suggest that a less resistive film is formed on the materials with 
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the smaller phase angles. The broad plateau of maximum was another 
factor observed. This behavior suggests that events presenting different 
time constants take place in the double electric layer. These events can 
be related to high impedance in the passive area of the oxide layer, in 
comparison to the lower impedance resulting from flaws in these layers, 
such as the presence of pitting [80]. There was phase angle increase in 
the high frequency region in all materials. According to Hirschorn et al. 
[81], such an increase is attributed to a normal time constant distribu-
tion caused by variations in resistivity within the oxide film.

Constant Phase elements (CPEs) are commonly used in the analysis 
of experimental impedance data to account for the non-ideal behavior of 
capacitive elements. The CPE elements (α ∧ Qeff

) were determined in 
accordance with Orazem et al. [78]. The value of α was determined from 
the curve inclination in the high-frequency region, as shown in Fig. 17. 
When α∕=1, the system shows the behavior that has been attributed to 
surface heterogeneity or to the continuously distributed time constants 
for charge-transfer reactions [82]. The coefficient values recorded for α 

allowed determining the effective coefficient of CPE Qeff , based on 
equation (3) [81,83]. 
Qeff = sin(απ /2 )1 / zʹ́ (f)(2πf) Equation 3 

According to Hirschorn et al. [81] and Brug et al. [83] it is possible to 
calculate effective capacitance values based on CPE parameters.

However, the assessment of Ceff is based on the values of Re (ohmic 
resistance) and Rt (charge transfer resistance). In view of the experi-
mental data obtained in this work, due to the nature of the passive layer 
in the alloys evaluated, the Nyquist diagrams show open arcs. Thus, 
extrapolating the capacitive arc in the low frequency region implies 
reasonable errors. However, some studies have used Qeff as a reasonable 
estimate to express the system’s capacitance [78,79]. Therefore, in this 
study, the Ceff values were not assessed and the Qeff values were used as 

an estimate of the system capacitance. The α and Qeff, values are shown 
in Table 9.

According to the results, the values of α and Qeff are close for the 
alloys AISI 304 and FeCrTi. Regarding the other alloys produced for this 
study, the FeCr alloy has Qeff lower than that of the FeCrY alloy. The 
polarization curve (Fig. 12) showed that the FeCr and FeCrY alloys have 
similar profiles, although the presence of Y caused great stability in the 
currents, especially at low polarizations. Above approximately +0.220 

Fig. 16. Impedance data at potential of corrosion applied to commercial steel and to the Fe–Cr-X alloys in a 3.5 wt% NaCl solution without agitation and at RT; (a) 
Tradition Nyquist representation (b) Bode representation of the impedance modules corrected based on the ohmic resistance (c) Bode representation of the phase 
angle corrected based on the ohmic resistance.

Fig. 17. Imaginary part of impedance as function of frequency for commercial 
steels and Fe–Cr-X alloys in OCP in 3.5 wt% NaCl solution without agitation and 
at RT. The line with slope -α fitted the high frequency.
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V, the currents remain lower than those observed for the FeCr alloy until 
the end of the test.

With the objective of better understanding the behavior of elements 
Ti and Y in the alloys produced for this research, electrochemical 
impedance assays were carried out outside the OCP. The chosen po-
tential of 0.600 V versus Ag/AgCl reference electrode corresponds to the 
region close to the Eb of the FeCrTi alloy. Fig. 18a–c presents the Nyquist 
diagrams and the Bode representations of the FeCr, FeCrY and FeCrTi 
alloys. Now it is easy to observe the distinction between the behaviors of 
these alloys. Fig. 18a shows one capacitive arc in the high- and mid- 
frequency region and one inductive arc with great dispersion in the 
low frequency region for all alloys.

Inductive arcs are related to effective dissolution of the alloys at this 
potential [84–86]. It was also possible to observe that the capacitive 
arcs, previously noted in the measurements in OCP, had significantly 
decreased in size. This outcome pointed out to the evolution of corrosive 
processes on the surfaces of the alloys. However, this condition not only 

allowed the beneficial effect of Ti to be reaffirmed, but also revealed 
more clearly that Y also contributes to improving the corrosion resis-
tance of the FeCr alloy, corroborating with the chronoamperometry.

By analyzing the Bode representations shown in Fig. 18b–c, one can 
extract interesting information about the oxide layers. The impedance 
module representation evidences that the linear region at median fre-
quencies reduced significantly at a potential of 0.600 V and there was 
great dispersion associated with a new time constant in the low- 
frequency region. This behavior depicts an important reduction in the 
alloy capacitive profile, which is also reflected on the corrected phase 
angles. The broad plateau of maximum observed in OCP fully dis-
appeared under this condition and a significant reduction in the values 
of the angles was also observed.

The α and Qeff, values obtained at the potential at 0.600 V are shown 
in Table 10. The Qeff values show a reduction in the capacitive behavior 
of the oxide layers as expected. Fig. 19a–b shows the behavior of Qeff as a 
function of frequency for data obtained in OCP and at a potential of 
0.600 V. Regarding OCP, Qeff showed that oxides formed on the AISI 304 

Table 9 
CPE parameters for experimental impedance data obtained in the OCP, versus 
Ag/AgCl reference electrode.

Alloys α Qeff (×10−4 Ω−1cm−2sα)
AISI 430 0.736 2.113
AISI 304 0.837 0.653
FeCr 0.828 0.935
FeCrY 0.765 1.386
FeCrTi 0.840 0.667

Fig. 18. Impedance data at potential of 0.600 V applied to Fe–Cr-X alloys in 3.5 wt% NaCl solution without agitation and at RT; (a) Tradition Nyquist representation 
(b) Bode representation of the impedance modules corrected based on the ohmic resistance (c) Bode representation of the phase angle corrected based on the 
ohmic resistance.

Table 10 
CPE parameters applied to impedance data collected at potential of 0.600 V 
versus Ag/AgCl reference electrode.

Alloy α Qeff (×10−4 Ω−1cm−2sα)
FeCr 0.463 14.78
FeCrY 0.532 6.312
FeCrTi 0.794 0.618

T.J.M. Jesus et al.                                                                                                                                                                                                                              Journal of Materials Research and Technology 33 (2024) 1600–1622 

1617 



and the FeCrTi alloy presented a more capacitive behavior than the 
others. The worst performance was attributed to AISI 430 and the FeCr 
and FeCrY alloys recorded intermediate behavior. Regarding potential 

of 0.600 V, where only the alloys produced for this study were evalu-
ated, Fig. 19b shows that the capacitive performance increased in the 
following order FeCrTi, FeCrY and FeCr. This behavior is in agreement 

Fig. 19. Effective CPE Coefficient defined through Eq. (6): (a) commercial steels and Fe–Cr-X alloys in OCP; (b) Fe–Cr-X alloys at potential of 0.600 V.

Fig. 20. XPS spectra of Fe 2p, Cr 2p and O 1s of the films formed on FeCr (a–c), FeCrY (d–f) and FeCrTi (g–i) alloys after chronoamperometry tests at 0.100 V for 
3600s in 3.5 wt % NaCl solution without agitation and at RT.
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with the polarization curves and chronoamperometry results.

3.3.4. X-ray Photoelectron Spectroscopy
The XPS analysis was used to determine the compositions of the 

passive films on Fe–Cr-X alloys in 3.5% NaCl solution. Fig. 20 shows Fe 
2p, Cr 2p and O 1s XPS spectra of the films formed in potential of 0.100 V 
maintained by 3600s on FeCr (a-c), FeCrY (d-f) and FeCrTi (g-i) alloys. 
From this figure, it can be seen that the Fe 2p spectrum is mainly 
composed of FeO, FeOOH and Fe, whereas Cr2O3, Cr(OH)3 and Cr are 
found in Cr 2p spectrum, except for FeCr alloy, which indicates only the 
existence of Cr2O3. The O 1s spectrum, in its turn, was deconvoluted into 
three peaks, which were attributed to metallic oxides (FeO and Cr2O3), 
oxyhydroxides and hydroxides (FeOOH and Cr(OH)3), and adsorbed 
H2O. Considering the three alloys, it can be said that these results are 
quite consistent with saline media [87,88].

As previously stated, all alloys in this study have high Cr content and 
this element is the main driving force for improving the stability and 
corrosion resistance due to Cr2O3 formation. It is also a fact that the 
addition of Y and Ti to FeCr alloys has enhanced their corrosion 
behavior, especially the latter, as shown by the electrochemical tests 
(Figs. 12, 14, 16 and 18), but no compounds related to such elements 
were observed in the passive films, indicating an indirect contribution.

Before going into this analysis, it is first worth considering the role of 
the identified components. In this regard, it is seen in the literature that 
FeOOH, formed on all Fe–Cr-X alloys, contributes to the improvement of 
metal-medium interfaces, since it can block part of corrosive ions from 
entering [87,89]. Therefore, a FeOOH-enriched passive film could 
improve the corrosion resistance of Fe–Cr alloys immersed in NaCl so-
lution. In contrast, for Cr(OH)3, not identified only in the FeCr alloy, it is 
observed to have little influence on this medium [90], although it shows 
positive effects in CO2-rich environments.

As for FeO, Ramya et al. [91] observed that its interaction with Cr2O3 
leads to the formation of FeCr2O4 at the initial stages of pitting. For 
Wang et al. [87], the oxidation of Cr into Cr2O3 and its subsequent 
binding with FeO to form the FeCr2O4 is beneficial, since the metal 
medium interface transforms from the corrosion products to the passive 
film, improving the compactness of Cr2O3. This reaction normally takes 
place as the Cr content further increased to 18 wt%. On the other hand, 
the excessive Cr (40 wt%) promotes the formation of FeCr2O4 instead of 
Cr2O3, which results in a decline of the corrosion resistance. Therefore, 
the presence of FeO in passive films of FeCr, FeCrY and FeCrTi alloys is 
encouraging, since this component plays a supporting role against 
chloride ion attack.

In addition to these compounds, the existence of the metallic states in 
the passive films (Cr0 and Fe0 for the FeCrY and FeCrTi alloys, and Fe0 

for the FeCr alloy) is clearly observed. According to Wang et al. [92], the 
metallic states may exist in this condition, especially in the inner film. 
When these are present in the topmost surface, they may come from the 
transformation from the corrosion products to the passive film [88]. 
Thus, it is evident that all alloys present very similar characteristics 
regarding the nature of their layers, which are consistent with the 
properties presented. However, Fig. 20 alone does not elucidate the 
differences found in the electrochemical tests. The atomic compositions 
of the elements present in the passive films, seen in Table 11, seem to 
guide the understanding of this issue.

From Table 11, one can see that the concentration of Fe is higher 

than that of Cr in all alloys as a consequence of its high content in the 
bulk and high mobility through the film [92]. It is also noted that the 
FeCrTi alloy showed the highest concentrations of Fe and Cr atoms when 
compared to the other compositions, being this alloy the one that pre-
sented the best corrosion resistance, according to the anodic polariza-
tion curves (Fig. 12) and chronoamperometric curves (Fig. 14) and 
impedance data (Figs. 16 and 18). In this case, it is worth noting that the 
increase in Fe concentration is quite expressive and may be a conse-
quence of the increase in Cr concentration itself.

According to Wang et al. [87], increasing Cr content promotes the 
dissolution and oxidation of Fe, which further contributes to the for-
mation of FeOOH. This can lead to a more compact FeOOH outer layer, 
which prevents oxygen diffusion and improves the corrosion protection 
properties of the metal-medium interface [89]. Moreover, when the Cr 
concentration increases, more effective is the protection against corro-
sion [93]. In this case, it is likely that in the FeCrTi alloy, the Cr2O3 
content is higher and that the enrichment of both Cr2O3 and FeOOH is 
providing a more stable and more corrosion resistant passive film, 
similarly to that was observed by Wang et al. [87], who investigated the 
effect of the addition of Cr to Fe–Cr alloys in 3.5 wt% NaCl solution.

Since a higher concentration of Cr provides benefits and its con-
centration is the same in the three alloys (close to 25 wt%), then its 
increase in the passive film formed on the FeCrTi alloy can only have 
been stimulated by the addition of Ti. In this respect, it is seen that the 
minor alloying elements can form a solid solution with the major 
element and once the passive film is formed, these are incorporated into 
its lattice as dopants, modifying its properties [94,95]. Here, it is 
important to highlight that in the FeCrTi alloy, it was observed that the 
Fe lattice parameter increased because of the dissolution of Ti atoms in 
the Fe-based solid solution (Fig. 3). It is a fact that Cr itself is an alloying 
element that is also in solid solution with Fe, which has a relatively high 
content in these alloys, and it is essential for good corrosion resistance, 
but attention must be paid at this point to the minority alloying element.

Generally, a passive film presents a bilayer structure consisting of 
oxides growing from the metal, and an outer one composed of precipi-
tated hydroxide or oxyhydroxide, where the alloying elements from the 
substrate alloy may be incorporated in both layers [95,96]. In this study, 
the passive films can be said to have an inner layer mainly composed of 
Cr2O3 and FeO, and an outer layer of Cr(OH)3 and FeOOH.

According to Jiang et al. [94], the presence of dopants significantly 
affects or even controls the concentrations of the defects in an oxide 
layer. This information allows us to understand the relative importance 
of small additions of alloying elements on the formation of defects that 
could be responsible for ion transport in a passive layer. Thus, consid-
ering the works of Atkinson et al. [97] and Blacklocks et al. [98], the 
solubility of Ti ions into the main Cr2O3 lattice on the FeCrTi alloy will 
produce complex defects of lower energy, where the Ti is predominantly 
present as Ti4+ in a Cr3+ site, whose dominant defects are Ti4+ ions 
charge-compensated by Cr3+ vacancies. The presence of a thicker pas-
sive layer in the FeCrTi alloy, as already discussed in Fig. 20i, is 
consistent with these studies that point to increased imperfections in the 
oxide lattice, which leads to an increase in the mass transport of ions 
[94]. It is also seen that a passive film enriched with FeO and Cr2O3 
typically exhibits p-type semiconductivity due to cation vacancies [99], 
which leads to the understanding that an analogous mechanism may be 
observed in the case of FeO. For the FeCrY alloy, it should be pointed out 
that no solubility of Y was observed in the α-Fe lattice. Furthermore, 
Hagel and Seybolt [100] state that the doping of α-Cr2O3 with Y2O3 has 
very little effect on cation diffusion rates, since for Y3+ ions no charge 
compensation is required.

For a complete understanding of the corrosion behavior of these al-
loys, it is important to go over some information about their micro-
structures. In this sense, the FeCrTi alloy also has a more favorable 
microstructure, since it presented titanium carbonitrides and possibly 
TiC, which favor corrosion resistance [59]. The FeCrY alloy, in its turn, 
presented a microstructure with the presence of a few elongated σ 

Table 11 
Atomic compositions of passive films formed on FeCr, FeCrY and FeCrTi alloys 
after chronoamperometry test at 0.100 V for 3600s in NaCl solution.

Alloy Relative atomic concentration (at.%)
Fe Cr O

FeCr 10 6 Balance
FeCrY 10 6 Balance
FeCrTi 18 8 Balance

T.J.M. Jesus et al.                                                                                                                                                                                                                              Journal of Materials Research and Technology 33 (2024) 1600–1622 

1619 



particles, together with the Fe17Y2 phase at the grain boundaries, as well 
as the formation of Cr23C6 and Y2O3. This configuration has a lower 
impact on corrosion resistance when compared to the FeCr alloy, which 
showed the formation of larger σ particles with a globular morphology, 
and the precipitation of Cr23C6, which contributes to causing Cr deple-
tion in the adjacent matrix. Therefore, these results show that the 
addition of 0.18 wt % Ti to the FeCr alloy brought several benefits, both 
in microstructural aspects, which remove the possibility of some type of 
localized corrosion, and in its indirect action into the oxide layer, 
increasing the concentrations of Cr and Fe, what may have led to the 
enrichment of both Cr2O3 and FeOOH, thus producing a passive film 
more stable and resistant to attack by chloride ions.

4. Conclusions

In this study, the influence of Y and Ti additions on the microstruc-
ture and corrosion resistance of the FeCr alloy was investigated and the 
results led to the following conclusions:

(a) The volume fractions of the precipitated phases are very low 
(<10−2) for all alloys, with the exception of the σ-phase, which 
reaches ~0.14 at 600 ◦C, according to equilibrium phase 
calculations;

(b) The microstructures of the FeCr, FeCrY and FeCrTi alloys pre-
sented an α-Fe matrix with coarse grains having average values of 
137.8 ± 61.9, 113.9 ± 61.4 and 130.9 ± 70.7 μm, respectively, 
which shows that the additions (~0.2 wt%) of Y and Ti were not 
enough to trigger adequate refinement;

(c) The FeCr alloy showed low σ-phase precipitation on the grain 
boundary with a globular appearance, as well as the formation of 
Cr23C6, which leads to Cr depletion in the adjacent matrix;

(d) The FeCrY alloy presented precipitation of a Y-rich phase, iden-
tified as Fe17Y2, which was accompanied by an elongated 
σ-phase, both located at the grain boundaries. Other precipitates 
such as Cr23C6 and Y2O3 were also observed, showing that this 
alloy has a quite heterogeneous microstructure;

(e) The FeCrTi alloy presented Ti(C,N) precipitates dispersed within 
the α-Fe matrix, and a nanometric precipitation of Ti rich parti-
cles, which were attributed to the formation of TiC. The absence 
of precipitation of the σ phase in this alloy shows that the addi-
tion of 0.18 wt % of Ti was able to inhibit its formation;

(f) The electrochemical tests showed that the alloys produced for 
this study were more resistant to corrosion than commercial 
stainless steels, since the oxides formed are more resistive, a fact 
proven by the lower current density values and lower Qeff ob-
tained in these samples.

(g) The best performance of the FeCrTi alloy was attributed to the 
inhibition of σ-phase, as well as to the formation of a more 
compact, homogeneous and resistive oxide layer capable of 
reducing the possibility of galvanic microcell formation;

(h) Although pitting corrosion has been observed both in the matrix 
and at the grain boundaries in FeCr and FeCrY alloys, the pres-
ence of Y delayed the formation of the σ phase and improved the 
corrosion resistance of the alloy;

(i) Impedance experimental data assessed based on constant phase 
elements showed that the highest α value was recorded for the 
FeCrTi alloy, which is indicative of the more capacitive behavior 
of this material than that of the other alloys. This behavior was 
confirmed through Qeff in the entire frequency range used. The 
most capacitive profile recorded for the FeCrTi alloy was also 
observed at a potential of 0.600 V. This behavior corroborates 
results presented in the chronoamperometry, which confirmed 
that Ti addition increased the resistance to corrosion of the FeCr 
alloy;

(j) The passive films formed on Fe–Cr-X alloys contain Cr2O3, FeO, 
Cr(OH)3 (except for the FeCr alloy) and FeOOH, as demonstrated 

by X-ray photoelectron spectra. For the FeCrTi alloy, Ti acted 
indirectly on the oxide layer, increasing the concentrations of Cr 
and Fe, which may have caused an enrichment of Cr2O3 and 
FeOOH, thus enhancing the protective characteristics of the 
passive film.
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[78] Orazem ME, Pébère N, Tribollet B. Enhanced graphical representation of 
electrochemical impedance data. J. Electrochem. Sci. 2006;153:B129–36. 
https://doi.org/10.1149/1.2168377.

[79] Gharbi O, Tran Mai TT, Tribollet B, Turmine M, Vivier V. Revisting cyclic 
voltammetry and electrochemical impedance spectroscopy analysis for 
capacitance measurements. Electrochim Acta 2020;343:136109. https://doi.org/ 
10.1016/j.electacta.2020.136109.

[80] Gao X, Xia C, Zhang X, Jing Q, Ma M, Qin J, Liu R. Effects of iron content on the 
microstructure and corrosion behavior of Ti-30Zr-5Al-3VxFe alloys. Mater Chem 
Phys 2018;218:87–97. https://doi.org/10.1016/j.matchemphys.2018.07.033.

[81] Hirschorn B, Orazem ME, Tribollet B, Vivier V, Frateur I, Musiani M. 
Determination of effective capacitance and film thickness from constant-phase- 
element parameters. Electrochim Acta 2010;55:6218–27. https://doi:10.1016/j. 
electacta.2009.10.065.

[82] Orazem ME, Tribollet B. Electrochemical impedance spectroscopy. http://doi. 
org/10.1002/9780470381588; 2008.

[83] Brug GJ, G Van Den Eeden AL, Sluyters-Rehbach M, Sluyters JH. The analysis of 
electrode impedances complicated by the presence of a constant phase element. 
J Electroanal Chem 1984;176:275–95. https://doi.org/10.1016/S0022-0728(84) 
80324-1.

[84] Barcia OE, Mattos OR. The role of chloride and sulphate anions in the iron 
dissolution mechanism studied by impedance measurements. Electrochim Acta 
1990;35:1003–9. https://doi.org/10.1016/0013-4686(90)90035-X.

[85] Keddam M, Mattos OR, Takenouti H. Mechanism of anodic dissolution of iron- 
chromium alloys investigated by electrode impedances - I. Experimental results 
and reaction model. Electrochim Acta 1986;31:1147–58. https://doi.org/ 
10.1016/0013-4686(86)80127-X.

[86] Keddam M, Mattos OR, Takenouti H. Mechanism of anodic dissolution of iron- 
chromium alloys investigated by electrode impedances-II. Elaboration of the 
reaction model. Electrochim Acta 1986;31:1159–65. https://doi.org/10.1016/ 
0013-4686(86)80128-1.

[87] Wang Y, Yu H, Wang L, Li M, Si R, Sun D. Research on the structure-activity 
relationship of Fe-Cr alloy in marine environment based on synchrotron 
radiation: effect of Cr content. Surf. Interfaces 2021;26:101370. https://doi.org/ 
10.1016/j.surfin.2021.101370.

[88] Guo Q, Liu J, Yu M, Li S. Effect of passive film on mechanical properties of 
martensitic stainless steel 15-5PH in a neutral NaCl solution. Appl Surf Sci 2015; 
327:313–20. https://doi.org/10.1016/j.apsusc.2014.11.154.

[89] Refait P, Jeannin M, Urios T, Fagot A, Sabot R. Corrosion of low alloy steel in 
stagnant artificial or stirred natural seawater: the role of Al and Cr, Mater. 
Corrosion 2019;70:985–95. https://doi.org/10.1002/maco.201810753.

[90] Xu L, Wang B, Zhu J, Li W, Zheng Z. Effect of Cr content on the corrosion 
performance of low-Cr alloy steel in a CO2 environment. Appl Surf Sci 2016;379: 
39–46. https://doi.org/10.1016/j.apsusc.2016.04.049.

[91] Ramya S, Krishna DNG, Mudali UK. In-situ Raman and X-ray photoelectron 
spectroscopic studies on the pitting corrosion of modified 9Cr-1Mo steel in 
neutral chloride solution. Appl Surf Sci 2018;428:1106–18. https://doi.org/ 
10.1016/j.apsusc.2017.09.179.

[92] Wang Z, Zhang L, Tang X, Zhang Z, Lu M. The surface characterization and 
passive behavior of Type 316L stainless steel in H2S-containing conditions. Appl 
Surf Sci 2017;423:457–64. https://doi.org/10.1016/j.apsusc.2017.06.214.

[93] Li W, Xu L, Qiao L, Li J. Effect of free Cr content on corrosion behavior of 3Cr 
steels in a CO2 environment. Appl Surf Sci 2017;425:32–45. https://doi.org/ 
10.1016/j.apsusc.2017.06.320.

[94] Jiang Z, Dai X, Middleton H. Effect of silicon on corrosion resistance of Ti–Si 
alloys. Mater Sci Eng B 2011;176:79–86. https://doi.org/10.1016/j. 
mseb.2010.09.006.

[95] Macdonald DD, Biaggio SR, Song H. Steady-state passive films, interfacial kinetic 
effects and diagnostic criteria. J Electrochem Soc 1992;139:170–7. https://doi. 
org/10.1149/1.2069165.

[96] Macdonald DD. Passivity – the key to our metals-based civilization. Pure Appl 
Chem 1999;71:951–78. https://doi.org/10.1351/pac199971060951.

[97] Atkinson A, Levy MR, Roche S, Rudkin RA. Defect properties of Ti-doped Cr2O3. 
Solid State Ion 2006;177:1767–70. https://doi.org/10.1016/j.ssi.2005.11.015.

[98] Blacklocks AN, Atkinson A, Packer RJ, Savin SLP, Chadwick AV. An XAS study of 
the defect structure of Ti-doped α-Cr2O3. Solid State Ion 2006;177:2939–44. 
https://doi.org/10.1016/j.ssi.2006.08.028.

[99] Yao J, Macdonald DD, Dong C. Passive film on 2205 duplex stainless steel studied 
by photo-electrochemistry and ARXPS methods. Corrosion Sci 2019;146:221–32. 
https://doi.org/10.1016/j.corsci.2018.10.020.

[100] Hagel WC, Seybolt AU. Cation diffusion in Cr2O3. J Electrochem Soc 1961;108: 
1146–52. https://doi.org/10.1149/1.2427973.

T.J.M. Jesus et al.                                                                                                                                                                                                                              Journal of Materials Research and Technology 33 (2024) 1600–1622 

1622 

https://doi.org/10.1016/j.jma.2016.12.002
https://doi.org/10.1016/j.corsci.2011.03.010
https://doi.org/10.1016/j.corsci.2014.06.030
https://doi.org/10.1016/j.corsci.2014.06.030
https://doi.org/10.1016/j.corsci.2016.07.024
https://doi.org/10.1016/j.corsci.2016.07.024
https://doi.org/10.20964/2016.07.64
https://doi.org/10.1016/j.jmst.2021.11.118
https://doi.org/10.1016/j.jmst.2021.11.118
https://doi.org/10.1016/j.jmst.2023.07.220
https://doi.org/10.1016/j.jmst.2023.07.220
https://doi.org/10.1016/j.corsci.2011.12.020
https://doi.org/10.1149/1.2168377
https://doi.org/10.1016/j.electacta.2020.136109
https://doi.org/10.1016/j.electacta.2020.136109
https://doi.org/10.1016/j.matchemphys.2018.07.033
https://doi:10.1016/j.electacta.2009.10.065
https://doi:10.1016/j.electacta.2009.10.065
http://doi.org/10.1002/9780470381588
http://doi.org/10.1002/9780470381588
https://doi.org/10.1016/S0022-0728(84)80324-1
https://doi.org/10.1016/S0022-0728(84)80324-1
https://doi.org/10.1016/0013-4686(90)90035-X
https://doi.org/10.1016/0013-4686(86)80127-X
https://doi.org/10.1016/0013-4686(86)80127-X
https://doi.org/10.1016/0013-4686(86)80128-1
https://doi.org/10.1016/0013-4686(86)80128-1
https://doi.org/10.1016/j.surfin.2021.101370
https://doi.org/10.1016/j.surfin.2021.101370
https://doi.org/10.1016/j.apsusc.2014.11.154
https://doi.org/10.1002/maco.201810753
https://doi.org/10.1016/j.apsusc.2016.04.049
https://doi.org/10.1016/j.apsusc.2017.09.179
https://doi.org/10.1016/j.apsusc.2017.09.179
https://doi.org/10.1016/j.apsusc.2017.06.214
https://doi.org/10.1016/j.apsusc.2017.06.320
https://doi.org/10.1016/j.apsusc.2017.06.320
https://doi.org/10.1016/j.mseb.2010.09.006
https://doi.org/10.1016/j.mseb.2010.09.006
https://doi.org/10.1149/1.2069165
https://doi.org/10.1149/1.2069165
https://doi.org/10.1351/pac199971060951
https://doi.org/10.1016/j.ssi.2005.11.015
https://doi.org/10.1016/j.ssi.2006.08.028
https://doi.org/10.1016/j.corsci.2018.10.020
https://doi.org/10.1149/1.2427973

	Effects of Ti and Y on resistance to corrosion in Fe–Cr-X Alloys
	1 Introduction
	2 Materials and methods
	2.1 Preparation and characterization of Fe–Cr-X alloys
	2.2 Electrochemical tests and characterization of the oxide layers

	3 Results and discussion
	3.1 Equilibrium phases
	3.2 Microstructural analysis
	3.3 Corrosion resistance
	3.3.1 Anodic polarization curve
	3.3.2 Chronoamperometry
	3.3.3 Electrochemical impedance
	3.3.4 X-ray Photoelectron Spectroscopy


	4 Conclusions
	Declaration of competing interest
	Acknowledgements
	References


