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Corrosion of a spark plasma sintered Fe-Cr-Mo-B-C alloy in 3.5% NaCl solution

Mudassir FAROOQ'**, Sohail MUHAMMAD?, and A. A. SOROUR!**

1 Department of Mechanical Engineering, King Fahd University of Petroleum & Minerals (KFUPM), Dhahran 31261, Saudi Arabia
2 Interdisciplinary Research Center for Advanced Materials, King Fahd University of Petroleum & Minerals (KFUPM), Dhahran 31261,

Saudi Arabia

3 Department of Materials Engineering, NED University of Engineering and Technology, Karachi 75270, Pakistan

*Corresponding author e-mail: mudassir@neduet.edu.pk

Received date:

20 June 2022
Revised date

16 November 2022
Accepted date:

28 December 2022

Abstract

Keywords:
Corrosion;
Powder metallurgy;
Amorphous alloy powder;
Passive film

oxide (Cr203) layer.

1. Introduction

Amorphous metals is relatively a new approach in metal’s research
and their unique microstructural characteristics attracted much attention
in previous the decade. Fe-Cr-Mo based amorphous alloys are a good
replacement of currently used stainless steel alloys because of their good
corrosion resistance along with higher hardness and wear resistance
[1-10] specially in reducing chloride environment. J. Jayaraj et al. [11]
reported the formation of a stable passive region, even in higher
concentration of HCL. Some major drawbacks of bulk metallic glasses
include their critical thickness, low ductility and specialized techniques
for their production [12-16].

It was reported that nano-crystallization has not a pronounced
effect on the corrosion resistance properties of metallic glass [17,18]
while control nano-crystallization improves mechanical [19-23]
as well as magnetic properties [24]. Also, the effect of nano-crystallization
on corrosion performance depends on surface reaction and may favor
the formation of a stable passive film [25,26].

In this study, the corrosion resistance performance and its mechanism
of nano-crystalline Fe-Cr-Mo-B-C alloy, fabricated from spark plasma
sintering (SPS) technique, was studied in 3.5% NaCl solution. An
amorphous Fe-Cr-Mo-B-C alloy powder was consolidated at 800°C
and 900°C temperature. SPS is an effective pressure-assist sintering
technique which provides a well-control on grain size and has the
ability to preserve microstructural features very close to the initial powder
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In this study, the corrosion behavior of a Fe-Cr-Mo-B-C alloy, fabricated by spark plasma sintering
of an amorphous alloy powder, in 3.5% NaCl solution was analyzed. Electrochemical impedance
spectroscopy and potentiodynamic polarization are techniques which were used for electrochemical
performance estimation of samples and the results were further compared with conventional alloys:
1080 carbon steel and 304 stainless steel. Corrosion surface products were characterized through
Scanning electron microscopy, Energy dispersive x-ray spectroscopy and X-ray photoelectron
spectroscopy. Specimens sintered at 800°C (S1-800) had achieved 94% densification approximately
while the sample sintered at 900°C (S2-900), had densified more which was 98% approximately.
S2-900 had better corrosion resistance than S1-800 while in comparison to conventional alloys; it was
inferior to 304 stainless steel. It was concluded that the increase in density of sintered samples favoured
the formation of more uniform surface products and enhanced the formation of the passive chromium

with high bulk density. The electric pulse of high current intensity
was used as a heating source for a limited period in the presence of
uni-axial force [27,28]. The sintered samples showed the best results
in terms of microstructure and corrosion performance in 1 M HCI
solution, which were published [29]. The hydrochloric acid solution is
areducing environment and does not favor the formation of the strong
passive film while the 3.5% NaCl solution is a neutral environment and
favors the formation of a resistive oxide layer. The corrosion performance
of the sintered samples was analyzed using electrochemical impedance
spectroscopy (EIS) and potentiodynamic polarization (PDP) [30,31]
techniques while the corrosion mechanism was studied by using scanning
electron microscope (SEM) and x-ray photoelectron spectroscopy (XPS).

2. Experimental procedure

2.1 Spark plasma sintered samples

Spark Plasma Sintered (SPS) samples that contain Fe, Cr, Mo, C
and B as major elements in the composition listed in Table 1, were
taken for corrosion studies. The sintered density of the samples were
around 94% and 98% of theoretical density of the samples with
sintering temperatures of 800°C and 900°C, respectively, whereas
the microstructure was consisted of (Cr,Fe)2B and (Fe,Cr)23Cs
particles which were embedded in the Fe-based body-centered-cubic
matrix [29].
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Table 1. Composition of initial amorphous powder.

Elements Fe Cr Mo C B Others
Composition (at%) Balance 23-25 8-10 8-8.5 8.7-9.2 4 max.
Table 2. Nomenclature of samples.

Sample name Description Purpose

S1-800 SPS sintered samples at 800°C Main study

S2-900 SPS sintered samples at 900°C Main study

S.S-304 Austenitic stainless steel, AISI-304 Reference for comparison

CS-1080 Carbon steel, AISI-1080 Reference for comparison

2.2 Corrosion testing

The sample preparation for electrochemical analysis was started
by soldering a copper wire to the samples and subsequently mounting
them into resin through the cold mounting process. After mounting,
they were ground up-to 600-mesh paper followed by washing with
ethanol and distilled water and then dried by hot air. In addition to
the two sintered samples, austenitic stainless steel (S.S-304) and
carbon steel (CS-1080) samples were also used for comparison. The
nomenclature is listed in Table 2. The exposed sample area of 0.2 cm?
was used for all experiments. Three cell electrode apparatus by
“Gamry-3000TM” was used to perform electrochemical studies
using a 3.5% NaCl solution. Ag/AgCl electrode is used as a reference
while the counter electrode is of graphite. The open-circuit delay is
1 h for EIS measurement. The samples were analyzed in the frequency
range of 100 mHz to 1 x 103 Hz while the applied AC voltage was
10 mV. PDP tests were measured with a scanning rate of 0.5 mV-s’!
in an applied potential range of -300 mV to +800 mV with reference
to Ecorr. The Tafel extrapolation method was used to calculate the
corrosion rate from PDP data. Each test was repeated three times in
order to validate the results. The immersion test was continued for
27 h in 3.5% NacCl solution to allow the formation of equilibrium
corrosion products and/or oxides. After that, the samples were removed
and washed with deionized water followed by hot air drying. The
dried samples were then immediately characterized using SEM,
EDS, and XPS.

3. Results and discussion
3.1 Corrosion performance

To determine the formation of passive film and its stability, electro-
chemical impedance spectroscopy test was conducted. Figure 1 shows
the Nyquist plot of all tested samples in 3.5% NaCl solution. It was
found that all samples formed a single distorted capacitive arc with
one time constant and have mixed resistive and capacitive behavior.
Also, it was found that S.S-304 formed a straight line, representing
its extraordinary high charge transfer resistance. The remaining
samples formed a semicircle from which the diameter of S2-900’s
semi-circle was greatest, followed by S1-800 and CS-1080. The
diameter of the Nyquist plot semicircle has a direct relation with the
charge transfer resistance of a material, whereas this relation is inverse
with the corrosion rate [29].
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Figure 1. Nyquist Plot of all tested samples in 3.5% NaCl solution at room
temperature and open to the air.
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Figure 2. Frequency Vs. Impedance and Constant phase angle Bode curve
of all tested samples in 3.5% NaCl solution at room temperature and open
to the air.

Figure 2 shows the frequency of Impedance and constant phase
angle Bode curves of all samples tested in 3.5% NaCl solution. The
S2-900 showed the highest impedance value in the low-frequency
region while the impedance value of S.S-304 was very near to S2-900
in the same region. It was found that the impedance value of S2-800
was lower than S.S-304 but higher than CS-1080.
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With respect to constant phase angle values in Figure 2, it was
found that S.S-304 has the most negative constant phase angle value
which is around -70° in the lower frequency region. The sintered
sample, S2-900, indicated a more negative constant phase angle of
-63° value in comparison with S1-800, which was around -55°. The
lowest negative constant phase angle value of CS-1080 was around
-57° at the lower frequency region. Furthermore, the flattening of
the S.S-304 curve in a wide frequency range (i.e., 31- 0.15 Hz) of the
lower frequency region represents the capacitive behavior of material
and evidence of high resistance in exposed solution. It was noted
that both sintered samples showed a stable capacitive behavior with
a wide frequency range. It was found that the capacitive behavior at
frequency range for S1-800 was 100 Hz to 0.79 Hz while the same
region of S2-900 was in 125 Hz to 1.2 Hz frequency range. Also,
it was found that CS-1080 showed capacitive behavior but in a narrow
frequency range which was 5 Hz to 1.0 Hz.

A Randel equivalent circuit was used for fitting experimental data.
In this circuit, “Re” is a charge transfer resistance or polarization resistance
of the material, “Rs” is a solution resistance, “CPE” is a constant phase
element used instead of the pure capacitor to minimize the surface
roughness and irregularities effects while “n” is an exponent which
represents material behavior. The data obtained by fitting the discussed
circuit showed the magnitude of “CPE” instead of capacitance. The
impedance value (Zcpg) can be calculated by using Equation (1) [32].

Zepe = V) % (jo)”" (1)

where Yo is the magnitude of “CPE”, “w" is the angular frequency

I TS

in rad-s™!, “n” is the “CPE” exponent and “j” is the imaginary unit.
The value of “Y,” is not expressing double layer capacitance
(F-cm?). The exact value of capacitance can be calculated by using

Equation (2) [32].

_ (n-1)
Cdl - Yo wr::ax

2
Where Omax is an angular frequency in rad-s™! at maximum “-Zimg”.

The passive layer thickness was calculated by using Equation (3)
and Equation (4) [30].

C=(0xZyy' 3)
8o %€ XAy
d,, = e 4)

where “C” is the capacitance, “-Zimg” is an imaginary impedance value
at 1 kHz frequency, “g0” is the permittivity of free space having
a value 8.85 x 107 F-cm™, “dox” is the double layer thickness, “€”

Table 3. Shows summarize EIS results of all sample in 3.5% NaCl solution.
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is the permittivity of di-electric which is chromium oxide (Cr203)
having the value “12” and “As” is the exposed surface area of the
electrode.

The results obtained by fitting a modified Randel model to resultant
EIS data and the calculated film thickness value are shown in Table 3.
According to “Ret” value, S.S-304 exhibits the higher corrosion
resistance and CS-1080 was lowest among all tested samples while
sintered samples were between S.S-304 and CS-1080. It was found
that S2-900 has higher charge transfer resistance than S1-800. With
respect to passive layer thickness, the layer thickness of sintered samples
was almost the same and exceeded the layer thickness on S.S-304.

Potentiodynamic polarization curves of all samples tested in
3.5% NaCl solution are shown in Figure 3. It was observed that the
S.S-304 sample was spontaneously passivated with a large passive
region which represents the formation of stable passive film over the
substrate. Furthermore, S.S-304 showed a transformation to the trans-
passive region at 0.2 V potential which is also a pitting potential of
this sample. A change in slope was also noted at 0.25 V potential,
but this region is not stable and represents a formation of partially
passive film over the substrate.

It was also found that S1-800 did not show any active-passive
transformation while S2-900 showed evidence of spontancous
passivation, but due to the absence of a stable passive region, this
passive layer has limited protection. CS-1080 did not show any
evidence of active-passive transformation which is an expecting
behavior of carbon steel.

3. 5% NaCl solution, 298K, open to air, scan rate = 0.5 mV/s
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Figure 3. Potentiodynamic polarization curve of all tested samples in 3.5% NaCl
solution at room temperature and open to the air.

Material Rt R Ca n Passive layer thickness
(kohm.cm™) (ohm.cm) (WF-cm?) A

S1-800 11+2.00 17+£0.30 174 +£0.30 0.64 +0.02 3+0.60

S2-900 15+0.26 18 £0.56 63 +23.50 0.76 +0.02 3+0.40

S.S-304 50+9.00 16 +£0.04 164 +3.00 0.82+0.05 2+0.10

CS-1080 1+£0.20 17 +0.03 908 £2.50 0.77+0.01 No passive film
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Table 4. shows Tafel analysis summary of Potentiodynamic Polarization curves.

Material Ecorr eorr Corrosion rate
(mV) (Arem?) (mm/year)
S1-800 -(380.00 + 6.00) 3.92+0.13 A 0.24+0.01
S2-900 -(378.50 + 7.50) 2.65+0.14 pA 0.16 £0.01
S.S-304 -(95.70 + 4.00) 135+0.11 nA 0.02+0.01
CS-1080 -(648.05 +£2.50) 37.20£0.18 pA 0.54+0.13

The potentiodynamic polarization curves of all samples were
further analyzed by using the Tafel extrapolation method. The
summary of the results is shown in Table 4. It is observed from the
Ecorr value that the sintered samples are anodic to stainless steel while
cathodic to carbon steel samples. It is also observed that the Ecor value
of both sintered samples is almost similar. Furthermore, the Lcor value
and the corrosion rate of sintered samples are greater than the stainless
steel while it is less than the carbon steel sample. Moreover, the corrosion
resistance performance of the S2-900 is better than the S1-800 sample.

From electrochemical testing results, it can be concluded that
the corrosion resistance performance of sintered samples was inferior
to the stainless steel sample. The reason for this weak performance
of the sintered sample is the formation of stable chromium carbide
(Fe,Cr)23Cs and boride (Cr,Fe)2B phases which decrease the quantity
of chromium that is dissolved in the solid-solid solution of Fe-based
body-centered cubic matrix. The chromium available in the form of
intermetallic compounds/phases is not beneficial in the formation
of passive oxide; for example, the sensitization of stainless steel.
The corrosion resistance performance of chromium-containing alloy
increases with the amount of chromium, dissolved in the solid-solid
solution phase because only the dissolved chromium takes part in
the formation of the passive chromium oxide layer which provides
protection to base metal against the action of corrosive ions.
Furthermore, the sintered metal/alloy usually has inferior corrosion
resistance in comparison to cast metal/alloy of the same composition
due to the presence of surface porosity which initiates crevice corrosion
and also, hinders the formation of the uniform passive film.

3.2 Corrosion behavior

Figure 4 shows the SEM-SE images of S1-800 at different
magnifications before exposure to a 3.5% NaCl solution. At low
magnification as shown in Figure 4(a), it is observed that the particles
having round shapes were consolidated together. However, a reasonable
amount of surface porosity is also present in S1-800 sample. Figure 4(b)
is the high magnification image of grain showing the nucleation of
the second phases; chromium carbide (Fe,Cr)23C6 and boride (Cr,Fe)2B
as explained in our published work [29].

The EDX mapping analysis of the S1-800 sample before exposure
to 3.5% NacCl solution was shown in Figure 5. From Figure 5(b-d),
it is observed that the main alloying elements; iron, chromium, and
molybdenum are well distributed in the sintered sample. In Figure 5(e-f),
it is observed that carbon and boron are available at certain specific
points. The distribution of carbon and boron represented the formation
of intermetallic carbide and boride phases in the sintered sample which
was further confirmed with BSE and XRD analysis as available in
published work [29].
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Figure 4. SEM-SE images of S1-800 before exposing to 3.5% NaCl solution
etched with 1 HCI : 3 HNO;s
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Figure 5. EDX-mapping analysis of S1-800 before exposing to a 3.5%NaCl
solution.

SEM-SE images of S1-800 samples after exposure to 3.5% NaCl
solution for 27 h were shown in Figure 6. In Figure 6(a), it is observed
that corrosion products were formed at some specific points and not
on the whole surface. Hence the surface products were non-uniformly
distributed over the surface of the sample. From Figure 6(b-c), it was
found that surface products have flake/wire-like morphology and
agglomeration of these surface products was also witnessed at some
locations. Figure 6(d) shows that the size of these flakes/wires was
in nano-sized dimensions in the range of 100 nm to 200 nm.
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500 nm

Figure 6. SEM-SE images of S1-800 after exposing to 3.5% NaCl solution
for 27 h.

Figure 7 shows the EDS-mapping analysis of S1-800 after exposing it to 3.5%
NaCl solution for 27 h. It was found that the concentration and distribution
of sodium and chlorine bear a resemblance to each other which gave the
idea that these elements were deposited as a chemical compound on the
sample surface. A small amount of chlorine was also observed at sodium
deficient areas which indicated that chlorine was also forming a secondary
product with other alloying elements, but the amount was small. Main alloying
elements like Iron (Fe), Chromium (Cr) and Molybdenum (Mo) were
presented in the form of uniform distribution in the sample.

Figure 8 is the SEM-SE image of S2-900 at different magnifications
before exposure to a 3.5% NaCl solution. From Figure 8(a), it is observed
that the sample is well sintered, forming an almost smooth surface
with some surface irregularities. In comparison to the S1-800 sample,
no powder particle boundaries were observed. The powder particles
are completely fused together and form a uniform material. In Figure 8(b),
it is observed that the second phases such as chromium carbide
(Fe,Cr)23Co and boride (Cr,Fe)2B, were nucleated in the S2-900 sample.

The distribution of alloying elements in S2-900 sintered samples
was shown in Figure 9. From Figure 9 (b-d), it is observed that Iron,
chromium, and molybdenum are uniformly distributed throughout
the material. It is also observed from Figure 9 (d-e), that carbon and
boron are available in certain specific areas which represented their
lower concentration in the sintered material and also, the formation
of intermetallic carbide (Fe,Cr)23Cs and boride (Cr,Fe)2B phases.

Figure 10 is the SEM-SE image of S2-900 after exposure to
a 3.5% NaCl solution for 27 h at different magnification. Figure 10(a)
shows that uniform surface products were formed with some pyramid
shaped, a black region where these surface products were absent.
Figure 10(b-c) are images at higher magnification showing a more clear
distribution of formed nano-sized surface products. In Figure 10(d),
it was observed that these nano-sized surface products had rounded
morphology and were agglomerated.

Figure 11(g-h) showed that the pyramid shape, that was found in
Figure 10(a), consist of sodium and chlorine, which were distributed
together in almost the same concentration. The observed pyramid shape
could be a crystal of NaCl salt. The observation provides evidence
that mainly, both elements were present in a chemical compound
form on the surface of S2-900. It was also found that iron, chromium

and molybdenum (which are the main alloying elements) are well
distributed in S2-900.

On comparing the SEM analysis of both sintered samples as seen
in Figure 6 and Figure 10, it was observed that a more uniform corrosion
product was formed on S2-900 while in S1-800, a comparatively small
area was covered with corrosion products. Similarly, the morphology
of corrosion products was also different. By observing these results,

it was concluded that the higher corrosion resistance of S2-900 is
attributed to the formation of uniform surface products which are
supposed to be the oxides of the alloying element. This observation
also agreed with the literature [25].

Figure 7. EDX-mapping analysis of S1-800 after exposing to a 3.5% NaCl
solution for 27 h.

Figure 8. SEM-SE images of S2-900 before exposing to 3.5% NaCl solution,
etched with 1 HCI : 3 HNO:s.

J. Met. Mater. Miner. 33(1). 2023
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“(e) C Kal-2

Figure 9. EDX-mapping analysis of S2-900 before exposing to a 3.5% NaCl
solution.

Figure 10. SEM-SE images of S2-900 after exposing to 3.5% NaCl solution
for 27 h.

Figure 12 shows the XPS survey scan spectra of both samples
after exposure to 3.5% NaCl solution for 27 h. It was observed that
the detected elemental peaks in both samples were identical. However,
the intensities were different which shows that the concentration of
detected elements was not the same in the surface layer of both
sintered samples. Figure 12(a, ¢) shows a survey scan spectra before
argon etching. It was found that the concentration of oxygen in both
samples was high as compared to other alloying elements, which is
evidence of the formation of surface oxide. Figure 12(b, d) represents
the survey scan spectra after mild argon etching. A clear decrease in
the concentration of oxygen is observed in case of S-900, Figure 12(d).

J. Met. Mater. Miner. 33(1). 2023

Similarly, it was observed that the concentration of other alloying
elements increased which is the evidence of the oxide film removal
due to argon etching. Also, the removal of the oxide layer from mild
etching also showed that a thin oxide layer was formed. In S1-800,
no considerable difference in oxygen concentration before and after
argon etching was observed, Figure 12(a-b), which shows that a thicker
oxide layer was formed as compared to S2-900.

The atomic percentage of alloying elements present at the surface and sub-
surface of both sintered samples before exposing to 3.5% NaCl solution is
represented in Figure 13. For the S1-800 sample, It is observed that the
surface layer was enriched with iron and chromium while the contribution of
molybdenum in oxide formation is much smaller. It is also observed that mild
argon etching sharply decreased the atomic percentage of chromium while the
percentage of iron and molybdenum were increased which indicates that the
surface layer formed over S1-800 was actually enriched with chromium
oxide. For the S2-900 sample, it is observed that the main contributor for
surface layer formation is chromium, while the iron and molybdenum were
also present in a significant amount. Furthermore, the mild argon
etching decreased the atomic percentage of chromium and molybdenum
both while the percentage of iron was increased. From these results, it is
concluded that the chromium and molybdenum both were active in the
formation of surface oxide over S2-900 samples while in the case of S1-
800, the contribution of molybdenum in the formation of surface oxide was
not significant

(a) SEM Image

He) C Kal-2 g

Figure 11. EDS-mapping analysis of $2-900 after exposing to a 3.5% NaCl
solution for 27 h.
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Figure 12. XPS survey scan spectra after immersing samples in 3.5% NaCl solution for 27 h.

Figure 14 shows a graphical representation of atomic percentages
of alloying elements present at the surface and the sub-surface layer
(after argon etching) of S1-800 and S2-900. It was observed that on
both samples, iron was the main contributor for surface layer formation
and the chromium was next to iron. A lesser amount of molybdenum,
for both sintered samples, showed its weak contribution in surface
layer formation. In S1-800, after mild argon etching, an 18% increase
in the iron percentage and 15% decrease in chromium percentage
was observed while the molybdenum percentage remained unaffected
by etching. The appreciable depletion of chromium at sub-surface is
evidence of a thick chromium oxide layer formation at the surface which
got removed through argon etching. In contrast to S1-800, the S2-900
showed an opposite trend of 10% increase in chromium percentage with
a21% decrease in iron percentage. Also, the molybdenum percentage
was increase from 2% before etching to 11 % after etching. Furthermore,
the increase in iron percentage indicated that the iron has active
contribution in surface layer formation.

Figure 15 represents the fitting of Fe2p, Cr2p and Mo3d core level
spectra of both sintered samples. On the basis of binding energy,

oxidation states of elements were determined. Figure 15(a-b) shows
that the oxidation state of iron present in S1-800 were Fe(II) and
Fe(II1) while in S2-900, it was present as Fe® and Fe(III). From
Figure 15(c-d), it was found that chromium was present as Cr(III) and
Cr(VI) in S1-800 while in S2-900, the oxidation states were Cr?
(metallic) and Cr(III). In Figure 15(e-f), it was observed that the
oxidation state of molybdenum in S1-800 was Mo’(metallic), Mo(V)
and Mo(VI) while in S2-900, it was available as Mo%(metallic),
Mo(IV) and Mo(VI).

The characteristic binding energy of fitted peaks, the existing
chemical state and the full width at half maximum (FWHM) values of
fitted peaks are summarized in Table 5. The identified oxidation states
are in well agreement with the literature [33-39]. It was observed that
in S1-800, chromium ions form hydroxide (Cr(OH)3) and hexavalent
oxide (CrOg) over the substrate which have limited protection against
corrosion species attack as compared to chromium trivalent (Cr203)
oxide. Also, no evidence of the formation of passive chromium trivalent
oxide (Cr203) was detected in S1-800, which is one of the reasons for
its weak corrosion resistance as observed in electrochemical testing.

J. Met. Mater. Miner. 33(1). 2023
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Figure 13. Atomic percentage of elements contribution in surface and sub-surface layer formation before exposing to 3.5% NaCl solution.
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Figure 14. Atomic percentage of the elements contribution in surface layer formation when exposed to 3.5% NaCl solution for 27 h.

Figure 16 is a graphical representation of the alloying elements
contribution in surface layer formation with existing oxidation states.
It was found that the surface oxide formed on S1-800 was composed
of more than half of iron oxides, one-third chromium oxides and
a negligible amount of molybdenum oxides. The absence of metallic
state indicated the formation of a thick oxide layer over S1-800 which
reflects its poor corrosion resistance in exposed solution. It was observed
that in S2-900, half of the detected oxidation states were a metallic

J. Met. Mater. Miner. 33(1). 2023

state (i.e., Fe?, Cr” and Mo?) which showed the formation of a very
thin protective oxide layer over the substrate, having dimensions
less than the attenuation depth of XPS(~ 10 nm). The presence of
the passive chromium oxide (Cr203) layer in S2-900 is responsible
for the protective behavior, whereas the presence of Fe(III) oxidation
state showed that some oxidation occurred at the surface. It was also
observed that molybdenum contribution in S2-900 surface layer
formation was less.
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Figure 15. XPS analysis of Fe2p, Cr2p and Mo3d surface films formed after immersing samples in 3.5% NaCl solution for 27 .
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Figure 16. Atomic percentage of different oxidation states present at the surface layer after exposing to 3.5% NaCl solution for 27 h

Table 5. Summary of XPS analysis after exposing samples in 3.5%NaCl solution.

Spectra Binding energy FWHM Chemical state Relative atomic Relative atomic
(3.5%NacCl) (eV) (eV) percentage (%) percentage (%)
S1-800 $2-900
Fe2p3/2 706.70 1.64 Fe (metallic) 0.00 43.45
710.80 3.37 Fe™ (Fe,03) 35.70 33.40
714.37 3.37 Fe™ — coexist with Fe** 28.30 0.00
719.37 3.37 Magnetite(Fe;0,) 0.00
representing satellite
Cr2p3/2 574.00 1.56 Cr (metallic) 0.00 5.30
576.58 3.37 Cr™ (Cr,03) 0.00 15.70
577.40 2.90 Cr™ Cr(OH); 24.00 0.00
580.25 3.37 Cr¢(CrO;) 10.00 0.00
Mo3d5/2 227.43 1.45 Mo (metallic) <2.00 <2.00
228.50 1.98 Mo** (MoOy) 0.00 <2.00
232.08 1.37 Mo" (MoCls) <2.00
4. Conclusions Acknowledgements

The corrosion performance and mechanism of SPS sintered
FeCrMo based alloy in 3.5% NaCl solution was analyzed through
electrochemical laboratory techniques and x-ray photoelectron analysis.
The electrochemical analysis shows that sintered samples are inferior
to S.S-304 and better than CS-1080 conventional grade steel with
respect to corrosion resistance performance. In comparison among
sintered samples, S2-900 has better corrosion resistance performance
than S1-800. XPS analysis shows that a protective thin chromium
oxide layer (Cr203) was formed over S2-900 while on S1-800, a thick
un-protective chromium hydroxide (Cr(OH)s3) and chromium-hexa-
oxide (CrOs) layer formation was detected. The main possible reasons
for inferior corrosion performance of S1-800 as compared to S2-900 are;
formation of non-uniform surface products and absence of passive
chromium oxide (Cr203) on S1-800 surface.
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