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Abstract

This research aims to provide a new interpretation of the corrosion—erosion behavior of 904L stainless steel in a phosphoric
acid environment, containing impurities promoting corrosion (4 wt% H,SO,, 0.42 wt% KCl) and solid particles favoring the
mechanical effects. Electrochemical and spectroscopic analyzes were performed in this investigation. The results showed that
solid particle concentrations affect the passivity of stainless steel, which turns it into a less stable layer, proving an increase
in corrosion kinetics and passive current density. During this process, the passive film formed under these corrosion—erosion
conditions presents a strong diffusion of metallic vacancies and the difficulty of self-healing of the passive film, the results
of gravimetric measurements at 24 g/L of solid particles showed that this is due to the synergistic effect which has about
50%, and the mechanical effects have about 46%, of which the surface analysis proved that the surface became heterogene-

ous and rough.

Keywords 904L stainless steel - Corrosion—erosion - Phosphoric acid - EIS - XRD/UV-VIS-NIR/SEM/EDX

1 Introduction

The wet manufacture of phosphoric acid employs a large
variety of materials that support the whole of the interaction
conditions. And this medium contains various impurities,
such as chloride, fluoride, sulfate and sulfide, as well as solid
particles of suspended gypsum which produces a corro-
sion—erosion effect. For this, we chose SiC particles because
they are chemically inert and have sufficiently sharp shapes
to cause efficient and reproducible erosion in the laboratory
like solid gypsum particles in real processes. Subsequently,
the material in question should have good resistance in a
way that reduces the global maintenance charges. Normally,
phosphoric acid is produced by the attack of phosphoric
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rocks with sulfuric or chloride acid under specific thermal
conditions [1]. For that, the austenitic stainless steel 904L
is used as conception materials such as propeller-type agi-
tators, centrifugal pumps, and filtration pans, due to their
spontaneous aptitude to create a passive protective layer
on their surface[1-3]. But the equipment operating under
hydrodynamic conditions is subject to frequent phenomena
such as corrosion and erosion [2, 4—11]. The complexity of
corrosion—erosion phenomena is related to the variety of
parameters [6, 13-21] that are linked to:

e Environment: pH, chemical composition, temperature,
rheology of the corrosive solution...

e The abrading particles: shape, size, hardness, concentra-
tion ...

e The material characteristic: chemical composition,
roughness, surface morphology...

e Hydrodynamic conditions: angle of impact, flow rates,
flow type ...

The corrosion—erosion of stainless steel in phosphoric acid
has been widely studied. A considerable amount of research
was concentrated on the impact of erosion on material passiva-
tion. They suggest that the presence of erosion deteriorates the
protection of stainless steel against corrosion and influences
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the rate of passive film formation which leading its self-healing
delicate [22-24]. Much research showed that the presence of
chemical impurities and fluid particles may enhance the ero-
sion impact by a synergistic effect[25, 26]. For that, many
works suggest that material loss is due to the electrochemical
mechanisms plus the mechanical impact of erosion and the
synergistic effect of both phenomena [25, 27, 28]. Neverthe-
less, 904L stainless steel in a phosphoric acid environment,
containing impurities that promote corrosion, is still yet to
be studied to understand its behavior under corrosion—erosion
conditions.

First, in this research document, the impact of the fluid
particles concentration on the electrochemical parameters of
904L stainless steel is evaluated. Then a gravimetric study is
carried out, to ensure that the synergistic effect of corrosion
and erosion is approached, and finally, the characterization
of the surface using different techniques is achieved with and
without erosion.

2 Experimental Details and Methods
2.1 Material, Test Solution and APPARATUS
2.1.1 Material

Table 1 present the chemical composition of the stainless steel
used in this study UNS08904 known as 904L also as UB6
cylindrically shaped with an area of 0.64 cm?® exposed to the
electrolyte. Before the tests, the specimen was ground with a
series of SiC grit papers (180 up to 1500).

2.1.2 The environment

40 wt% H; PO, solution polluted with 4 wt% H,SO, and 0.42
wt% KCI(0.2 wt% CI7). The solid particles used are SiC hard-
ness of 9.5 on the Mohs scale, sized of 210 pm with different
concentrations of 6 g/L; 12 g/L; 24 g/L; and 30 g/L.

2.1.3 The apparatus

Figure 1 the experimental rig used in this study is composed
of a:

e A Pyrex glass cell with two sides coaxial orifices: the first
one allows a normal (90°) injection of the solution with and
without solid particles. The second one is the recess of the
working electrode to the cell.
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Fig. 1 Experimental rig for the corrosion- erosion tests (A.E: auxil-
iary electrode, R.E: reference electrode; W.E: Working electrode)

o The cover of the cell has recesses for the auxiliary
electrode (Pt) and for the reference electrode (SCE),
which are linked to the potentiostat/galvanostat
(OrigaFlex—OGFO01A), monitored with the Origa-
master software.

e A peristaltic pump to ensure the circulation of the fluid and
the velocity of the impinging jet is stated at the value of 2
m/s.

e The solid fraction of the slurry (state by mass) was quanti-
fied at 0.583%wt; 1.161%wt; 2.445%wt; and 3.009%wt.

2.2 Electrochemical Measurements
and Characterization Techniques

The experimental study is divided into two parts. The first
part, by using three electrodes, auxiliary electrode (platinum),
reference electrode (saturated calomel electrode); Working
electrode (W.E), the response of the stainless-steel sample
to the impingement of the corrosive solution with different
solid particle concentrations (6 g/L; 12 g/L; 24 g/L; and 30
g/L) was evaluated using the electrochemical techniques. The
chrono-potentiometry was evaluated for 1800s, then the elec-
trochemical impedance spectroscopy was performed at the
corrosion potential that registered at the last time of chrono-
potentiometry, with AC signals of amplitude 10 mV peak to
peak, from 100 kHz to 100 mHz. The polarization curves were

Table 1 Chemical compositions
of 904L stainless steel

Elements Fe Cr Ni

Mo Cu Mn C Si P S A\

Wt% Bal 20.77

25.09

4.37 1.50 184 001 015 0.03 0.01 0.13
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plotted at the scan rate of 1 mV/s, and the chron-amperometry
was applied at potential £,= +600 mV/SCE.

Then in the second part, the gravimetric study under cor-
rosion—erosion conditions was established at the free corro-
sion and cathodic potential application, aiming to evaluate
the synergistic effect of corrosion and erosion phenomena.
The effect of solid particles on the surface properties was
revealed using characterization techniques after an immer-
sion of 4 h in the hydrodynamics conditions: Scanning elec-
tron microscope and energy-dispersive spectroscopy analysis
(SEM) JEOL JSM-IT 100 equipped with an EDX with an
accelerating voltage of 20 kV that allows the observation of
the morphology plus a quantitative analysis of the element
on the alloy surface; the UV—visible spectroscopy (UV-VIS)
deploying the (model Jasco V670) equipped with a 150 mm
integrating sphere (model ILN-925)that allows the dis-
crimination of the chemical elements on the surface; also
the X-ray diffraction (XRD). Shimadzu 6100 diffractometer
equipped with a copper anti-cathode (\CuKo=1.541838 A),
a thin film attachment THA- 1101, and counter monochro-
mator CM-4121. The samples were scanned at a speed of
2.0°/min between 20° and 110° (20) at a tube voltage of 40
kV and a current of 30 mA.

3 Results and Discussions
3.1 Chrono-Potentiometry

Figure 2 summarizes the results of the chrono-potentiometry
that elucidate the variation of the corrosion potential as a
function of time of stainless steel in 40 wt% phosphoric acid
polluted by Ci~, SOi‘ ions in the presence of different con-
centrations of solid particles.
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Fig.2 Corrosion potential variation of 904L alloy in 40% phosphoric
acid polluted with different percentages of solid particles

In the absence of solid particles, it can be seen that the
potential enhances to a passive state throughout the first 400
s of immersion. Nevertheless, in presence of solid particles,
with the concentration of 6 g/L, 12 g/L, 24 g/L, and 30 g/L
we notice that corrosion potential increases throughout the
first 60 s of immersion and it’s declining down to constant
values. Which can propose that the alloy forms a non-stable
passive layer that is distracted in that aggressive conditions
and the formation of another stable layer[29, 30]. Further-
more, the value of the corrosion potentials stabilizes shortly
after the start of the test. And, the corrosion potential drop
to less noble remains stable through time proposing that the
aptitude to form a passive layer becomes more difficult.

Moreover, without solid particles, the corrosion potential
becomes ennobled over time, confirming that the (904L)
stainless steel spontaneously forms a passive layer on the
surface, preventing the alloy from contacting the corrosive
substances, due to the presence of an important percentage
of chromium and nickel in the metal composition[31]. It
can be concluded that, with the corrosion—erosion effect, the
passivity of stainless-steel changes into a less stable layer
and has a detrimental influence on the deterioration of the
passivity in phosphoric medium.

3.2 Polarization Curves

Figure 3 illustrates the polarization curves of stainless steel
in polluted 40% phosphoric acid in the presence of differ-
ent concentrations of solid particles. The curves reveal that
the alloy establishes a wide passivation range in both corro-
sion and corrosion—erosion. Furthermore, no activated peak
was observed at all concentrations, this confirms that the
alloy spontaneously forms the passive layer. The addition
of solid particles dramatically changes the current density
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Fig. 3 Polarization curves of the alloy in polluted phosphoric acid in
the presence of different percentages of solid particles
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Table 2 Electrochemical parameters of the alloy in phosphoric acid
polluted with CI~ and SOE‘ ions, in the presence of different percent-
ages of the solid particles

Concentration i, E o i E,, (mV/SCE)
(g/L) (uUA/cm®)  (mV/SCE) (uA/cm?)
0 2.60 —267 2.54 992.6
6 4.34 — 398 11.51 818.0
12 7.86 — 401 27.18 824.6
24 16.01 — 400 41.25 827.9
30 24.31 —416 99.06 835.2
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Fig.4 Evolution of the corrosion and passivity current density of the
alloy as a function of the concentration of solid particles in the 40%
polluted H;PO, solution

and corrosion potential of the alloy. Table 2 summarizes the
electrochemical parameters of the polarization curves.

With the addition of solid particles, the corrosion poten-
tial changes to a less noble value from — 267 to — 419 mV/
SCE, besides the transpassive potential reduces from 992.58
to 818 mV/SCE. Moreover, the addition of solid particles
rises the current density to higher values, which multiplies
the corrosion current density twice for the 6 g/L to twelve
times for the 30 g/L (Fig. 4), proving that the kinetics of
corrosion are elevated. Further, Fig. 4 points out that the
current density of passivity is expanded five times for 6 g/L.
to 45 times for the 30 g/L. Many authors are interested in the
way the passive film of stainless steel was established, the
synergistic effect was verified between the alloying elements
in particular Cr, Ni, Mo, and Mn which allows the stabiliza-
tion of the passivation [31-38].

Generally, passivation is the formation of hydrate com-
plexes of metals that react with water enabling the formation
of hydroxide phase that deprotonate to form an insoluble oxide
film on the surface [34], but the presence of solid particles

@ Springer

may disturb this process, by cutting or plastic deformation of
the surface, which may influence the depassivation kinetics to
become greater than that of the passivation[5]. On the other
hand, another suggestion can explain this, the roughness of the
surface that will increase with the increase of solid particles in
the liquid, according to a recent research published by Chen
et al. [39], using the point defect model, the surface roughness
can deteriorate the quality of the passive film by increasing
the carrier density, thereby reducing the self-healing of the
passive film.

3.3 Electrochemical Impedance Spectroscopy

To verify the proposition mentioned above, the electrochemi-
cal impedance of the alloy in the polluted 40% phosphoric acid
in relation to the concentration of solid particles was carried
out and presented with the Nyquist and Bode presentations in
Figs. 5 & 6.

The Nyquist diagram shows capacitive behavior whose
diameter depends on the concentration of solid particles.
On the other hand, increasing the concentration of particles
reduces the impedance of the material. This is in agreement
with the reduction of the impedance modulus in the low-fre-
quency range at the Bode presentation. Withal, the value of
the phase angle is less than 90° which decreases depending
on the concentration of solid particles. Besides, adding solid
particles reduces the value of the phase angle, which means
that the surface becomes rougher and more heterogeneous
[40]. Therefore, the electrochemical impedance of the elec-
trode/electrolyte interface is far from being an ideal capacitor,
typical for solid-state electrodes. Consequently, the impedance
spectra prove the response of a passive system by the non-
perfect loops.

Generally, when stainless steel is in contact with an elec-
trolyte, the passive layer developed on the surface is the origin
of the material protection. Furthermore, to simulate the elec-
trochemical behavior of the alloy in the polluted phosphoric
acid without and with the presence of corrosion and erosion
phenomena, the experimental results of the electrochemical
impedance were analyzed in terms of the equivalent electrical
circuit and is presented in Fig. 7.

The circuit represents the behavior of the surface in the
absence and the presence of the solid particles (Fig. 7). With
R, is the resistance of the electrolyte; R, is the passive film
resistance and CPE is the constant phase element related to
the capacitance of the passive film. The use of a CPE is neces-
sary to take into account the non-ideal behavior of capacitive
elements [41]. The impedance of the constant phase element
CPE is expressed by the relation:

1
Zepg = W @))]
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Fig.5 Nyquist presentation of the electrochemical impedance spectroscopy of the alloy in the polluted 40% phosphoric acid (a) with and with-
out solid particles, b the zoom of the Nyquist presentation in the presence of solid particles
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Fig.6 Bode & phase presentation of the electrochemical impedance
spectroscopy of the alloy in the polluted 40% phosphoric acid with
and without solid particles
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Fig.7 Electrical circuit equivalent of the alloy surface in polluted
phosphoric acid, with and without solid particles

Q is the CPE modulus when w =1 rad/s, o the radial
frequency (rad/s), j the complex number: j>=— 1 and 'a’
is a characteristic parameter of the interface morphology,

describing the non-homogeneity of the surface. The value
of this positive exponent is less than 1. When 0.5<a< 1
implies that the use of the phase element constant is useful
to simulate the non-ideal capacity [40]. Also, implies that
the CPE describes a frequency dispersion of time constants
due to local heterogeneity on the surface[42]. Besides, the
Warburg impedance (Zy,) is a useful parameter in this cir-
cuit to explain the growth and damage of the passive layer
that appears in the presence of the solid particles. In this
investigation, this type of impedance represents the metal
and the oxygen vacancies diffusion through the passive film
[43]. Moreover, the transport of oxygen anion vacancies is
negligible compared to the transport of metal cation vacan-
cies in an aggressive environment[44], for that the Warburg
impedance can be expressed as:

Zy = oy X 0 V(1 =) )

o=2xnf(rad s71), o) is the Warburg coefficient, which rep-
resents the diffusion resistance of metal cation vacancies
through the passive layer.

Table 3 Parameters of the electrochemical impedance of the alloy in
polluted phosphoric acid, with and without solid particles

Abrasive R Q a R, Oy

SiC(g/L) (Q cm?) (@ 'em™?s?) Qcm? Qs em™?)
0 3.26 50.86 0.937 11,520.00 14,437.00

6 1.89 94.59 0911 1157.00 310.99

12 1.82 149.75 0.867 682.24 149.06

24 2.48 148.86 0.864 516.80 121.53

30 1.92 190.65 0.864 368.57 69.50
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Fig. 8 Effect of the percentage of solid particles on the passive cur-
rent density of the alloy in polluted phosphoric acid at E=600 mV/
SCE as a function of time

Table 3 features the values of the different parameters of
the equivalent circuit of the system under study. In absence
of solid particles, the values extracted from the equivalent
circuit presented in Fig. 7, show a high value of the Warburg
coefficient and the resistance of the passive film indicating
the presence of the compact and passive protective film. On
the other hand, the addition of solid particles minimizes the
value of the parameter 'a' meaning that the surface roughness
is increased. And this leads to a significant decrease of R,
from 11,520 Q cm? to 368.57 Q cm?, which suggests that the
passive film formed is more heterogeneous (less compact or
destructed) [42, 44, 45]. Furthermore, according to the CPE
values, the capacitance of the passive film will augment by

passive current density ( E=+600 mV/SCE)
00 | X2
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(=}
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Current density (LA/cm?)
S 3
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0 L L L 1 L
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Fig.9 Passive current density at the applied potential 60 mV/SCE as
a function of the concentration of solid particles
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I vithout solid particles
[ with solid particles

Fig. 10 The corrosion rate of alloy in 40% H;PO, contaminated acid,
with and without erosion (24 g/L)

about 4 times at 30 g/L. It is known that the CPE modulus is
proportional to the permittivity and inversely proportional to
the thickness of the passive film, the enhanced values could
describe that the thickness of the passive layer is reduced
[46] or have intense permittivity.

c eeOS

=7 3)
with: C =capacity; £,=permittivity in vacuum; € permittiv-
ity and d =film thickness.

Several authors [12, 21, 46—48] have studied the mecha-
nisms of this damage, who have proposed that erosion can
have at least three types of actions on the surface, ploughing
and two types of cutting [10], including oxide film may be
detached from the surface or subjected to the plastic defor-
mation. Similar study was taken by Guenbour et al. [49],
which explains the weakening of the passivation under the
effect of erosion consists of an increase in mobile charge
concentration and decrease of the thickness of the passive
films.

Furthermore, this may also be due to the self-healing of
the passive film has difficulty in erosion-corrosion condi-
tions. The indicated proposition may be justified by, the
value of the Warburg coefficient, the parameter decreases
dramatically in the presence of the solid particles from
14,437 10 310.99 Q 5" cm™ At 6% and to0 69.50 Q s"* cm™
at 30%, which implies that the diffusivity of metal cation
vacancies in the passive layer is progressively increased.
Depending on the point defect model [44], in corrosive
medium, the high-cation vacancy diffusivity may cause the
condensation of cation vacancies at the metal/film interface
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Fig. 11 X-ray diffractograms of the alloy (A) in the 40% polluted
phosphor display with and without the presence of solid parti-
cles(24 g/L) and its zoom(B)

that inhibits the generation of oxygen vacancies, which
reduce the film growth. However, under erosion-corrosion
conditions, film thinning is mainly caused by the synergistic
effect of two aspects, mechanical (hydrodynamics, contami-
nating particles) and electrochemical (corrosive medium)
[50], and as this paragraph investigates the influence of the
concentration of contaminant particles on the passive film,
it can be considered that the film, for the most part, is elimi-
nated mechanically. As a result, the surface roughness is
increased, which may result in the formation of a passive
film having a low resistance to diffusion of metal cation
vacancies.

3.4 Chrono-amperometry

This mechanism of self-healing is studied at the applied
potential E,= +600 mV/SCE. Figure 8 illustrates the effect
of the concentration of abrasive particles on the passive cur-
rent density of the alloy in phosphoric acid polluted with
Cl~ and SOi‘ ions. We notice that in the absence of solid
particles, the passive current density sharply drops and it
attends the steady-state after few seconds which reflects the

Wavelenght (nm)

Fig. 12 The second derivative of the surface with and without erosion
(24 g/L)

spontaneous passivity of alloy. It is also remarked that the
passive current density rises after adding the solid parti-
cles (Fig. 9), notably, the fluctuations of the passive current
density are enhanced with the concentrations of the parti-
cles, and it reaches the highest value at the concentration of
30 g/L. This provides information on that the self-healing
mechanism of the passive film encounter difficulty when the
concentration of solid particles is increased.

Generally, when stainless steel is exposed to solid parti-
cles, three processes contribute to this situation, the growth
and the dissolution of the passive film and the mechanical
damage [51]. Furthermore, the addition 6 g/L of abrasive
particles enhances the passive current density values 6 times,
then it is multiplied about 2 times after adding the other
concentrations. This shows that the equilibrium of growth
and dissolution of the passive film suffers from difficulties,
especially as the current fluctuations are more pronounced
at concentrations above 12 g/L., which explains that the con-
centration of 24 g/L is sufficient to study the impact of cor-
rosion—erosion on the passive film.
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Table5 UV-VIS-NIR

- ] . Oxides Degree of oxidation Literature bands [nm] Experimental
absorbance va‘lues of 9x1de wavelengths
compounds of the surface [nm]

Fe 1T 825; 700 [54]; 820 [55] 708;
I 373; 427 [54, 55] 318; 425
250; 300 [56] 259; 301
Cr,0, I 460; 603 [57] 683
446; 548 [24] 440 and 470
4105 425 [56]
355; 570 [58]
200-700 [59]
Nickel I 200-450; 410 [60]; 400 [61] 847
1400-900; 850-500; 550-370 [62]
844;711; 492 [62]
<400
IRON PHOS- 867 [63]; 868; 340
PHATE 225;343; 365 [63]

2305 320 [64]

3.5 Weight Loss Evaluation

The effect of 24 g/L solid particles on stainless steel in pol-
luted 40%wt phosphoric acid was carried out at corrosion
and cathodic potential. The total weight loss was measured
before and after each test to calculate the corrosion rate.
Using a Mettler Toledo balance (error= +1x 10~ g) the
weight loss was measured in the interest of calculating the
corrosion rate from the relationship:

W(;tgh_1 cm_z) _ Am

CAxt @)

with Am is the mass variation of samples after an immersion
of the alloy in the dynamic conditions for a period (t) of 4 h;
the contact surface A =0.64 cm>.

The corrosion rate is often expressed as a thickness lost
versus unit time and can be calculated from corrosion cur-
rent density or weight loss [22]. Figure 10 shows the cor-
rosion rate of stainless steel in the presence and absence
of 24 g/L solid particles at cathodic potential (E ,), and
corrosion potential (E_free). It is noted that in the pres-
ence of erosion, the corrosion rates are higher than those
observed in the absence of erosion, in particular under the
corrosion—erosion condition, which registers approximately
340 ugh~! cm™2,

Furthermore, to explain the rate of weight loss due to the
synergistic effect during the corrosion- erosion conditions.
Several authors have proposed that the total weight loss can
be expressed as[9, 21, 22]:

A”ntotal = Ammechunicul + Amelectmchemical + Amsynergetic (5)

@ Springer

With: Am,,,,, = The rate of total weight loss during
immersion at corrosion potential; Am,,, jumica = T he rate of
mechanical weight loss during the application of cathodic
potential; An,,..ochemicas = TNE rate of the weight loss due to
electrochemical effect; Amyy,,,,....;c = The rate of weight loss
due to the synergistic effect.

According to ASMT G102, the rate of the weight loss
by electrochemical effect can be calculated by the Faraday

equation:

Am ,=MR(gm ") =Ki,,, EW (6)

electrochemica

With K is the conversion factor 8.954 x 10~ <5AC—::22], ), the

corrosion current density is given by pA / cm?, and EW is
the equivalent mass of the unitless alloy[50].

Table 4 summarizes the corrosion rate and weight loss of
the alloy during corrosion- erosion in 40% polluted phos-
phoric acid in presence of 24 g/L of solid particles. Gener-
ally, for stainless steels in polluted phosphoric acid, the rate
of electrochemical corrosion is 3.56 g m~2 j~! in order of
0.1 mm/year.

On the other hand, we observe from the gravimetric
test results that the mechanical and the synergistic effects
present 45.56% and 50.38%, respectively, and the electro-
chemical effect just represents 4.06% of the total weight
loss of the alloy. So the fact that the total weight loss is
governed by the synergistic effect, may be related to the
mechanical effect that enhances the activation of electro-
chemical attack, especially in the presence of impurities
such as chloride ions, this argument was found by Guen-
bour et al. [26] were suggested that the great significance
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Fig. 13 SEM images of the surface of the alloy, a before test, b without erosion, ¢ and d with erosion in polluted 40% phosphoric acid (24 g/L)

of the synergistic effect is mainly due to the combined
activity of the solid particles and chloride ions.

3.6 Surface Characterization

3.6.1 XRD

XRD analysis can identify the atomic structure of crystals
and surface compositions. The diffractogram of the alloy
after immersion for 4 h in the presence and absence of
solid particles.

(Fig. 11), showed that the five peaks y (110), y (200), y
(220), vy (311) and y (400) related to the crystal structure
of austenitic stainless steel[5S1-53], do not locate at the
same angles of incidence.

Furthermore, it should be noted that the intensity of
the XRD peaks of the alloy decreases after the addition
of solid particles, which means that the roughness of the

surface caused by the detached effect of the solid particles
influences the surface properties.

3.6.2 UV-VIS-NIR

Figure 12 illustrates the results of the absorbance spectros-
copy of the 904L stainless steel sample with and without
the presence of solid particles; during this work we used
the second derivative of the absorbance to demonstrate the
chemical compositions of the surface.

The Fig. 12 indicates that the two surfaces have the
same absorbance peaks, except for the amplitude, sug-
gesting that the surface has almost the same chemical
compositions. Table 5 resumes all the peaks related to the
main elements and compounds that compose the surface,
which is the iron with the second and third degree of oxi-
dation on the wavelengths 708 nm and at 318, 425,259;
301 nm respectively. The nickel with a degree of oxida-
tion number of + II, and the chromium (+ III) at the wave-
lengths 440,470 and 683 nm, also the iron phosphate at

@ Springer
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Fig. 14 EDX analyses of the alloy in 40% phosphoric acid polluted with and without solid particles

the wavelengths of 340 and 868 nm. From the graph, it is
mainly observed that the amplitude of the iron and chro-
mium peaks decreases in the presence of erosion, as a
result, the continuous detached effect of solid particles
decrease the amount of oxide on the surface. In addition,
we mention here that surface roughness in erosion-corro-
sion conditions reduces the quality of the surface which
can also affect the results of the absorbance spectroscopy.

@ Springer

3.6.3 MEB-EDX

The surface of the sample was observed before and after
immersion in impure phosphoric acid with and without ero-
sion (Fig. 13).

Figure 13a shows the alloy surface before the test, and
Fig. 13b presents the surface of the material after immersion
in the absence of solid particles, as observed, the material
surface remains intact. Under corrosion—erosion conditions
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(Fig. 13c, d), a random distribution of solid particle imprints
was noticed on the surface, which means that the surface
became heterogeneous and rough. Generally, the flow velocity
brings kinetic energy to solid particles, which impose pressure
on the surface, thus creating cavities, and creating a detached
effect, this is clearly observed in Fig. 13d. Therefore, this may
induce a decrease in the density of the oxides on the surface
and difficulty of self-healing of the passive films as explained
by EIS and chrono-amperometry analysis. Additionally, the
continuous action of particles on the surface can cause fatigue
or strains of the formed passive film and the base alloy.

The Figure above (Fig. 14) shows the EDX analyzes of the
904L alloy in polluted phosphoric acid and this under hydro-
dynamic conditions with and without solid particles. In gen-
eral, there is no significant change in the chemical composi-
tions of the surface of the alloy, but we note the appearance
of chloride ions in results with solid particles, which suggests
that ions of chloride are effectively adsorbed to the surface in
corrosion—erosion conditions[50].

4 Conclusions

This research paper attempted to provide new information on
the corrosion—erosion behavior of 904L (UB6) stainless steel,
under hydrodynamic conditions of phosphoric acid contami-
nated with C/~ and SOi‘ ions, and with different concentra-
tions of solid particles. The results proved that:

— The passivity of stainless-steel turns into a less stable layer
with reduced corrosion potential.

— Corrosion current density and passive current density
increase to higher values, indicating that the passive film
has become less protective.

— The quality of the passive film deteriorates due to the low
resistance to diffusion of metallic cation vacancies.

— The difficulty of passive film self-healing began to be more
pronounced at concentrations of 24 g/L.. whose mechanical
and synergistic effects present 45.56% and 50.38%, respec-
tively.

— SEM has proven that corrosion—erosion creates cavities and
detachment effects which lead to the surface becoming het-
erogeneous and rough.
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