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A B S T R A C T   

Agricultural activities such as grain processing play a crucial role in Brazil’s economy, contributing significantly 
to its gross domestic product (27.4% in 2021). The use of carbon steel equipment leads to considerable envi-
ronmental and economic losses in agribusiness due to corrosion. This study explores the erosion-corrosion 
behavior of a dual-phase 11Cr and an 18Cr8Ni stainless steel (SS), compared to a mild (ASTM A36) and a 
high-strength carbon (AHSS) steel under conditions close to the agribusiness reality. The impact of corn particles 
as erosive component associated to pure water and chloride-containing environments was studied using a fog 
chamber, a topic until now unexplored in the literature. The methodology adopted is novel and explores the 
erosion-corrosion synergy in cumulative steps, aiming to shed light on the mechanisms of corrosion and wear 
that affect the materials in the agribusiness industry. The findings reveal that corn particles, despite their soft 
nature, can easily remove non-adherent corrosion products from the steel surface. In the deionized water me-
dium, the impact of the soft particles can also shift the corrosion pattern of advanced high-strength steels from 
general corrosion to localized pitting damage reduzing the corrosion rates. The carbon and 11Cr steels showed 
the highest corrosion rates under the pure corrosion condition in both media. The erosion-corrosion process 
considerably reduced the corrosion rate, mainly in the deionized water medium for the carbon steels. An 
exception to this behavior was 18Cr8Ni steel, whose corrosion rates, however, were the lowest among the 
materials. Low-chromium stainless steel emerges as a cost-effective solution to erosion-corrosion challenges in 
the agribusiness segment.   

1. Introduction 

Comprising a set of economic activities connected to the agricultural 
sector, agribusiness serves as the driving force for Brazil progress, ac-
counting for a quarter of the country’s GDP [1,2]. However, with the 
advancement of technology and the demand for increase productivity it 
has become a high-energy consumption industry. According to data 
from the Food and Agriculture Organization – FAO of the United Nations 
[3] agriculture is responsible for 21% of global pollutant gas emissions, 
second only to the energy sector (47%), which includes the steel pro-
duction industry (10.5%) [4]. In addition to the pressure imposed by 
operational costs, such as the rising of agricultural inputs [1,2], recur-
ring expenses for repairs and replacements of carbon steel equipment 
due to corrosion do not affect only the competitiveness of the sector. 
Global economic losses as a result of this phenomenon have been known 
for many decades [5] but little attention is still given to its 

environmental impact. Despite the relevance of direct losses (3.4% of 
world GDP in 2016 [5]), indirect losses extend beyond the economic 
sphere and are more concerning and challenging to quantify [6]. Ian-
nuzzi and Frankel [4] correlated the impact of steel corrosion on the 
emission of pollutant gases such as carbon dioxide (CO2). The global 
steel production was responsible for emitting nearly 3.8 Gt of CO2 in 
2021, of which up to 1200 Mt can be associated with the production 
directed to replace the amount destroyed by corrosion. In this context, 
green steels such as stainless steel, produced from renewable energy 
sources and carbon-neutral footprint [7], in addition to being more 
durable solutions, can contribute to reducing the environmental impacts 
resulting from steel corrosion [6]. 

Despite having a low corrosion and wear resistance, conventional 
carbon steels are the primary material used in agricultural structures 
and equipment [8,9]. Advanced high-strength carbon steels (AHSS) are 
also used, but only when high wear resistance is required [10]. 
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However, the tribological performance of these steels is inadequate in 
some engineering applications that involve corrosive environments [11] 
such as agribusiness. The presence of water is a non-negligible factor in 
agricultural applications [9], whether due to grain moisture, process 
temperature or simple atmospheric exposure. Furthermore, contami-
nants such as chlorides from fertilizers can also be dragged by the grains 
to the steel surface and increase corrosiveness [12,13]. The 
erosion-corrosion of carbon steels in aqueous environments is signifi-
cantly influenced by the chemical composition of the solution involved 
[8]. Thus, numerous works in the literature aim to enhance this un-
derstanding, especially in media containing chlorides [8,14–16]. 

Stainless steels are still predominantly used in applications where 
corrosion resistance is a dominant requirement, for aesthetic and func-
tional aspects, and are rarely used when the primary objective is wear 
resistance [9]. Given their relevance, wear mechanisms such as erosion 
already been systematically studied in synergy with corrosion in 
neighboring sectors such as mining [16–21]. There are some specific 
conditions where grain processing shows more aggressive wear com-
ponents to the materials, as reported by Camacho et al. [22] regarding 
the thickness premature reduction of a classifying chute made of 
aluminum operating with rice grains while with husk, which is very 
abrasive. However, in the case of softer solid particles such as grains (e. 
g., corn, soybean, among others), the mechanical component in agri-
business tends to be less aggressive than steel when compared to those 
observed on mining (e.g., silica, ores, among others). Karafyllias et al. 
[23] reported results where an AISI 316 (18Cr8Ni2Mo) steel exhibited 
identical rates of pure corrosion and erosion-corrosion in a saline envi-
ronment (pH between 7 and 3) with the presence of silica particles. The 
passive film formed was not damaged by the milder erosive conditions, 
and the low hardness and wear resistance of AISI 316 steel made the 
corrosion resistance more important. The literature presents several 
studies regarding erosion-corrosion of conventional austenitic steels 
such as AISI 304 and AISI 316 [18,19,21,24] and also high-chromium 
alloys [23,25], which are very expensive materials. Comparative 
studies between stainless and carbon steels are also common [26–28] 
but a gap is evident for studies directed towards agribusiness sector. 
Furthermore, a small number of studies focused more commercially 
attractive steels such as low-chromium grades like AISI 410 [23,29]. 

Durmoo et al. [30] studied the tribocorrosion performance of AISI 
304 stainless steel for an agricultural sugar and alcohol production in-
dustry application, where chloride levels of around 1300 ppm were 
found in the sugar cane juice. This corrosive condition was reproduced 
in the present study, as well as a less aggressive medium (pure water) as 
the corrosivity limit range representative of agribusiness segment ap-
plications. The tribocorrosion was explored in the additive stages of 
corrosion and erosion, aiming to reproduce operating conditions typical 
of equipment and structures involved in the agricultural process. To the 
best of our knowledge, this is the first work studying the erosive impact 
of corn particles. Camacho et al. [31] studied the erosion caused by rice 
grains for an aluminum application; Bahri et al. [32] performed similar 
work studying the impact of olive seeds against a AISI 304 stainless steel, 
but none studied erosion coupled with corrosion for a range of materials. 
However, most of the erosion-corrosion studies found were conducted 
using mineral particles as erodent [33–35]. In contrast, studies exam-
ining the mechanical damage caused by grains in contact with a metallic 
surface can be found more frequently [36,37], as it is a socially more 
relevant topic. Thus, this literature gap regarding erosion-corrosion due 
to grain action also stands as one of the main motivations for this work. 
Additionally, the adopted methodology is unprecedented and innova-
tive in the study of mechanical and corrosive components characteristic 
of the agribusiness sector. 

2. Methods 

2.1. Materials characterization 

A ferrite-martensite dual-phase UNS S41003 (11CrTT) steel, an 
austenitic AISI 304 (18Cr8Ni) stainless steel, a mild (ASTM A36) and an 
advanced high-strength carbon steel (AHSS) were studied. Carbon 
content in steels was measured via infrared absorption using a Leco 
CS444® and N via Leco TC436® thermal conductivity analysis equip-
ment. All other elements were analyzed using ThermoARL 4460 optical 
emission spectrometry equipment. For the hardness evaluation, an Ins-
tron Wolpert Testor 930s machine was used, while a StruersDuramim 4 
was used for the microhardness testing. For the metallographic analysis, 
samples were cut in a cooled abrasive disc machine and embedded in 
Bakelite polymeric resin using BUEHLER Simplimet1000® equipment. 
A Abramin® polisher from Struers was used to surface grinding in 120, 
220, 320, 500 and 600 grit sandpapers. Finally, the samples were pol-
ished with Ø 9, 3 and 1 μm diamond paste and, finally, an optical mi-
croscope produced by the manufacturer Leica™ equipped with QWin 
Standard software was used for the microstructure analyses. 

2.2. The test setup 

The behavior of steels under pure corrosion, pure erosion and 
erosion-corrosion condition was evaluated by using the setup shown in 
the Fig. 1. For the corrosion test, a fog chamber (Salt-Spray Test [38]) 
from the manufacturer Equilam model SS1000e was used (Fig. 1a). The 
chamber temperature was fixed at 35 ◦C and the relative humidity on 
95% for all the tests. An acrylic device was used to standard positioning 
and inclination angle between specimens. The pure corrosion and 
erosion-corrosion tests were realized in two different media: deionized 
water (electrical conductivity below 1 μS/cm.25 ◦C [39]) and 1300 ppm 
of chlorides containing (0.03 M NaCl) solutions. Through using anino-
Lab® pH/cond 700 device, a close to neutral pH (6.29) and an electrical 
conductivity of 0.402 μS/cm.25 ◦C was obtained for the deionized water 
solution while a slight acid pH (6.01) and an electrical conductivity of 
6001 μS/cm.25◦Cfor the chlorides containing solution. 

A shot blasting equipment (CMV model 9075X) originally designed 
to operate with carbon steel shots was adapted to this work (Fig. 1b). 
Corn particles (crushed grains) were used as erodent to simulate their 
impact on the surface degradation of steels applied in agro-industrial 
metallic structures and equipment like chutes, conveyors, and distrib-
utors. The air jet equipment was maintained at a fixed pressure of 5 bars 
for all the tests. The assembly used allows adjusting parameters such as 
the attack angle, the distance, and the height of the nozzle from the 
sample surface (Fig. 1c). The flow valve was set fully open to ensure 
maximum erosive flow, and to eliminate the possibility of erodent 
recirculation, an auxiliary silo was adapted to the system. A metallic 
sample holder was built to accommodate the specimens, ensuring the 
reproducibility of their repositioning and the maintenance of test pa-
rameters throughout the erosion cycles, as well as avoiding damping or 
displacement of the sample during the shot blasting. This device was 
fixed to the structure of the cabinet, level with the floor. The angle of 
inclination of the pistol in relation to the sample was fixed at 35◦, being 
the more aggressive angle, according to several authors [31,34]. The 
height and distance of the gun nozzle in relation to the sample surface 
were also fixed at 75 and 127 mm, respectively, as demonstrated in 
Fig. 1 d. A shot-blasting time of 60 s was fixed for all the erosive tests. 
The particle size distribution of the corn particles used was measured 
through standard particle size sieves. The morphology of the particles 
was observed by using a Zeiss Stereo Microscope anda FEI™ Quanta 
FEG250 Scanning Electron Microscope (SEM). 

The samples for pure corrosion, pure erosion and erosion-corrosion 
tests were cut to 50 × 40 mm dimension using electrical discharge 
machine (EDM) technique. The surface preparation was standardized for 
all the samples aiming the leveling of the different topographies. A 
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Phoenix 2000® rotative polisher and a sequence of sandpapers were 
used for this preparation. The procedure consisted of polishing the 
samples with 120 and 220 grit sandpapers for 180 s, followed by 

finishing for 300 s with 320 grit sandpaper for the upper face. The lower 
face and edges were grinded only with 120 grit sandpaper. After fin-
ishing the preparation, the samples were kept in a dryer with silica gel. 

Fig. 1. Equipment used in corrosion and erosion tests: (a) salt-spray chamber with acrylic device for samples positioning, (b) shot blasting cabinet adapted for corn 
particles, (c) multi adjustable parameters pistol and (d) parameters adopted for erosive tests. 

Fig. 2. Flowchart of tests to evaluate the erosion, corrosion, and erosion-corrosion resistance of steels.  
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Fig. 2 shows a flowchart representing the tests that each steel was sub-
jected to. 

2.3. Erosion-corrosion and pure corrosion tests 

The structure of the pure corrosion and erosion-corrosion tests was 
defined based on a 24-h cycle of operation, to reproduce operating 
conditions close to those of agricultural equipment that is used in the 
field. Using the Sartorius microanalytical balance model MSA225S with 
a resolution of 0.01 mg the mass variation of the specimens was carried 
out throughout the daily cycles. Except for the pure erosion condition, 
10 days of tests were carried out, summarizing 10 consecutive cycles of 
24 h for each solution (deionized water and 1300 ppm of chlorides). For 
the pure erosion analysis, a single 600 s shot blasting test was carried 
out, and the samples were cleaned only by nitrogen blowing to remove 
the fine corn added (starch). The objective was to minimize as much as 
possible the exposure of samples to a humid atmosphere, especially the 
carbon steel ones, which could influence oxide formation and conse-
quently mass variation. 

In erosion-corrosion and pure corrosion tests, to concentrate the 
corrosive events in a controlled area of the samples, the lower face and 
edges of the erosion-corrosion and pure corrosion specimens were pro-
tected with an organic varnish (acrylic resin). Once removed from the 
fog chamber daily, the specimens were air-dried for 5 h of atmospheric 
exposure. For pure corrosion samples, the mass measurements were 
done daily after the air-drying step, while for erosion-corrosion samples, 
an additional measurement was done after the shot blasting step. 
Finally, to obtain the final mass loss, after 240 h of test, the pure 
corrosion and erosion-corrosion samples were successively cleaned in an 
ultrasonic bath with acetone to completely remove the varnish layer. For 
the carbon steels, a chemical cleaning of the oxides formed on the sur-
face was needed to determine the real mass loss after the erosion- 
corrosion and pure corrosion tests. A bath of hydrochloric acid (HCl)- 
based solution with a corrosion inhibitor was used, according to the 
ASTM G1 [40] C.3.5 procedure. In addition to SEM-EDS (Energy 
Dispersive X-ray Spectrometer) and stereomicroscope analysis, the 
topography of pure erosion, pure corrosion and erosion-corrosion was 
evaluated before and after the tests using a Hommel-Etamic T8000 
model profilometer equipped with Mountains Map software. 

2.4. Scratch wear resistance 

The scratch wear resistance of the materials was evaluated using a 
Micro Combi Tester – MCT3 Step 500 Anton Paar equipment with a 
Rockwell type diamond indenter of 100 μm of radius. A sliding speed of 
2 mm/min and a 3 mm length scratch were performed without lubri-
cation. Along with the metallic materials, a corn seed was also prepared 
in polymer resin and evaluated in a comparative way. The morphology 
of the scratch areas was evaluated by SEM analysis. 

2.5. Mass loss and corrosion rates determination 

The initial mass of the specimens was measured before and after the 
varnish layer had been applied, and this value was subtracted from the 
mass loss presented by the materials. It would have adopted three 
samples for each condition, generating an average mass loss rate and 
standard deviation results for each cycle. The Eq. (1) was used to 
calculate the mass loss over the pure corrosion and erosion-corrosion 
cycles. 

MAccum=
mv0 − mvf

A
(1)  

where MAccum is the accumulated mass loss rate (mg/mm2), mv0 and mvf 
the initial and daily mass of the specimen coated with varnish (mg), 
respectively. Regarding pure corrosion samples, the mvf was measured 

daily after the fog chamber while for erosion-corrosion samples after 
shot blasting cycle. The accumulated mass loss was updated each new 
cycle. A is the specimen working area (mm2). After the varnish removal 
and chemical cleaning of the oxides, the Eq. (2) was used to determine 
the final corrosion rates of the materials. 

CR=
KMR

ATD
(2) 

The term CR is the corrosion rate in mm/year, K the constant for 
mm/year conversion and MR the real mass loss of the specimen (g) after 
varnish layer and oxides removal. A, T and D symbols are the area (cm2), 
exposure time (hours) and steel density (g/cm3), respectively. For the 
pure corrosion and erosion-corrosion rate calculation, a total time of 
240 h was considered. A density value of 8.00 g/cm3 was used for the 
austenitic stainless steel and 7.85 g/cm3 for the ferritic-martensitic and 
carbon steels. An area of 20 cm2 was considered for each specimen (5 ×
4 cm dimension). 

3. Results and discussion 

3.1. Materials characterization 

The results of chemical composition and Brinell hardness of the 
materials are shown in Table. The 18Cr8Ni is the most well-known and 
widely used stainless steel in the market, with excellent corrosion 
resistance due to the high contents of chromium and nickel, even though 
it presents a high cost [9]. The 11CrTT contains an optimized content of 
chromium and no nickel addition, maintaining a level of corrosion 
resistance suitable to several environments [41]. 

After quenching, along the good corrosion resistance, this alloy can 
reach high yield strength and hardness, maintaining good forming 
properties [42]. The ASTM A36 steel is the cheapest and most widely 
used structural carbon steel in the market, owing to their lower cost, 
good weldability, and favorable structural properties. The AHSS is an 
advanced material, widely used in applications that require wear resis-
tance, such as in the mining sector. The boron, combined with the high 
carbon and other elements such as nitrogen and chromium, significantly 
increases hardenability, providing suitable mechanical properties [43]. 
The microstructures of the materials are shown in Fig. 3. 

The 18Cr8Ni shows a microstructure of well recrystallized polygonal 
grains, as well as the occurrence of delta ferrite lines aligned in the 
austenitic matrix. Martensite islands can also be seen due to plastic 
deformation caused by mechanical polishing during the surface prepa-
ration process. For the 11CrTT steel, a dual-phase microstructure of 
ferrite and martensite is revealed, obtained after heat treatment and 
quenching. The occurrence of aligned delta ferrite lines is also observed. 
ASTM A36 steel presents a microstructure of ferrite and pearlite while 
AHSS steel reveals a homogeneous martensitic structure, with a highly 
refined grain size. Additionally, a region with grain morphology distinct 
from the rest of the matrix can be seen in a 15 μm thick layer on the 
surface of this steel, which corresponds to a decarburized region [10]. 

The apparent density of 0.699 g/cm3 was determined for the corn 
particles based on the ASTM D1895 standard methodology. The particle 
size distribution (Fig. 3a), morphology (Fig. 3b), and surface charac-
teristics (Fig. 3c) of the grains are shown in Fig. 4. 

3.2. Scratch test 

Fig. 5 presents the results of scratch wear test [44] carried out on the 
steels and corn kernel samples. For a constant load of 10 N applied, the 
penetration depth (Fig. 5a) and width (Fig. 5b) of the scratch in the corn 
surface was about 6 times greater when compared to the softer steel 
(A36). The advanced high-strength steel (AHSS) presented the lowest 
penetration depth and scratch width, showing the highest wear resis-
tance among the materials and conditions tested. There is a direct 
relationship between the wear and scratch area and the mechanical 
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properties of the materials, such as hardness. The SEM micrographs of 
the 18Cr8Ni (Fig. 5c), 11CrTT (Fig. 5d), A36 (Fig. 5e) and AHSS (Fig. 5f) 
surface steels shows a grooving area and the occurrence of material 
displacement in the edges (pile-ups area). The 18Cr8Ni austenitic 
stainless steel presented cracks in the bottom of the scratch, probably 
associated with the martensitic transformation induced by the plastic 
deformation caused by the tip sliding, which is characteristic of this 
alloy [45,46]. This phenomenon increases the steel’s mechanical prop-
erties but can be deleterious for corrosion and wear resistance [47]. To 
accommodate the tangential force imposed by the hard tip motion 
against the matrix, the corn surface evolves cracks preexistent, dis-
placing less mass in the edge regions if compared with the steels. The 
AHSS steel presented the lowest penetration depth and scratch width, 
showing the highest wear resistance among the materials studied. 

3.3. Pure erosion resistance 

Fig. 6 shows the mass loss of the steels after a single shot blasting of 

600 s with corn particles. Fig. 7 shows the surface of the steels before and 
after shot blasting with corn particles. 

It is possible to verify by the magnitude of the measured mass vari-
ations (10−5 mg/mm2) that the particles did not present energy to 
remove a significant amount of mass from the surface of the steels. These 
particles, in line with micro scratching results analysis, did not present 
mechanical properties to overcome the elastic resistance of metallic 
surfaces. However, it is still possible to observe coherence in the pure 
erosion results. 11CrTT stainless steel showed a lower mass loss rate 
compared to 18Cr8Ni steel, which can be associated with its greater 
hardness. The A36 and AHSS carbon steels showed a mass gain (10−5 

mg/mm2) which in turn already reinforces a mass loss very close to zero 
in pure erosion test. Despite the samples being stored in a dryer 
container with silica gel until shot blasting, it is suggested that this mass 
gain is associated with oxide formation due to the period of external 
atmosphere exposition during handling. However, the SEM analysis 
revealed some subtle changes in the surface of the materials, such as a 
smoothing effect after erosion. The presence of burrs on the polished 

Fig. 3. Microstructure of the steels (a) 18Cr8Ni, (b) 11CrTT, (c) A36 and (d) AHSS near to the surface via optical microscope (chemical etchings with Aqua Regia, 
Vilella, and Nital). 

Fig. 4. Corn particles (a1) size distribution, (a2) visual aspect, (b) morphology and (c) surface detail via SEM.  
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surfaces of the steels 18Cr8Ni (7a), 11CrTT (7b) and A36 (7c) was 
identified. However, it appears that with blasting, most of these non- 
detached deformed particles was removed, softening the surface. For 
AHSS steel, this characteristic was not observed. 

With the aim of investigating possible mechanical changes resulting 
from the action of corn particles, microhardness tests were carried out 
on samples before and after shot blasting. The obtained results, pre-
sented in Table 2, did not indicate significant changes for all materials. 
Despite the small values of mass loss and the absence of changes in the 
mechanical properties of the materials, the study of roughness and 
topography in turn indicated important changes after pure erosion. 

Table 3 presents the roughness of the samples before and after the 

pure erosion test. The A36 carbon steel had its surface more grooved by 
the grains of silicon carbide (SiC) present in the sandpapers used in the 
surface preparation, resulting in a higher starting roughness. In this way, 
the AHSS steel, the hardest material, showed the lowest initial rough-
ness. However, after shot blasting, except for AHSS steel, all materials 
showed lower roughness with less dispersion in the results. 

The corn particles were not able to deform the metallic surfaces, 
remove mass by wear or even cause a hardness change; however, they 
were able to act in the topographical heterogeneities present on the 
surfaces. This phenomenon of surface smoothing can be associated with 
the average height of peaks reducing and can be beneficial to the ma-
terials once a less rough surface tends to have greater corrosion 

Fig. 5. Results of comparative (a) penetration depth and morphology of the scratch for (b) corn seed, (c) 18Cr8Ni, (d) 11CrTT, (e) A36 and (f) AHSS steels via SEM 
after scratch wear test with constant load of 10 N and diamond tip with radius 100 μm. 

Fig. 6. Results of (a) mass loss rate of the materials and (b) corn particles broken after pure erosion test.  
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resistance, as a rougher surface is more likely to be corroded [48,49]. 
However, in the case of applications involving carbon steels exposed to a 
naturally humid external atmosphere, such as agribusiness, corrosion 
will be present, and the microscopic profile of the surface will be dras-
tically modified. 

3.4. Pure corrosion resistance 

3.4.1. Mass loss analysis 
The mass loss of the 18Cr8Ni and 11CrTT stainless steel under the 

pure corrosion condition was close to zero after the varnish layer 
removal (10−4 mg/mm2). However, slight mass loss measurements were 
observed for these steels while coated with varnish during the daily 
cycles, which could be associated with the varnish degradation. Despite 
the low magnitude of the variations (10−3 mg/mm2), the varnish loses 
mass over time, probably due to the cyclic exposition to the fog chamber 

atmosphere [50]. In this way, the mass loss curve of the varnish was 
determined, assuming the same behavior of this compound in stainless 
steel and carbon steel specimens. Fig. 8 shows the A36 and AHSS fitted 
mass variation curve over 10 cumulative cycles of pure corrosion in 
deionized water and 1300 ppm of chloride solutions. A mass gain is 
observed for all the carbon steel samples, which can be attributed to the 
rust growth. However, if all the mass gain was associated to the rust 
formation, this momentary gain would be converted into future effective 
mass loss. Garcia et al. [51] reported in their study that for carbon 
(0.23% C) and weathering (0.13% C – 0.47% Cr) steels, around 45–47% 
of the corrosion products are lost, and only 21% of the corroded iron 
converts completely into adherent rust. This information was confirmed 
later by other authors [52]. In the deionized water media, the carbon 
steels exhibit better corrosion performance than in the chloride solution, 
as expected. The AHSS showed a 2.68 times lower mass gain rate 
compared to the A36 steel (0.019 and 0.051 mg/mm2, respectively) in 
the deionized water. Furthermore, the AHSS enters a stability mass 
variation regime from the 6th cycle in these media, which could be 
associated with the presence of chromium [53]. 

This behavior can be better observed in Fig. 8b, where is detailed the 
mass loss curve of these steels in the deionized water media. In the 1300 
ppm chloride medium, the mass gain rates for the AHSS and A36 steels 
were similar and significantly higher when compared to the deionized 
water media (0.268 and 0.286 mg/mm2, respectively). The values 
represent a performance worsening of around 14.10 times for the AHSS 
and 5.61 for the A36 steel. The steel’s mass variation rates increased 
continuously over time, which also indicates that it is difficult to reach a 
stability regime despite the surface being totally covered by oxide layers, 
indicating the nature of the less protective rust formed by these steels in 
the saline medium. 

Fig. 7. Surface of the steels 18Cr8Ni, 11CrTT, A36 and AHSS via SEM,respectively, (a,b,c,d) before and (e,f,g,h) after shot blasting with corn particles.  

Table 1 
Chemical composition (wt.%) and hardness (HB) of the materials.  

Element C Mn Si Cr Ni Mo Cu Nb Fe N [ppm] B [ppm] Brinell 
Hardness 

18Cr8Ni 0.035 1.252 0.451 18.156 8.099 0.169 0.262 0.014 bal. 449 – 178 ± 2.0 
11CrTT 0.014 0.509 0.465 11.067 0.338 0.013 0.035 0.037 bal. 158 – 286 ± 2.5 
A36 0.139 1.027 0.180 0.011 0.012 0.005 0.011 0.001 bal. 35 6 152 ± 2.9 
AHSS 0.231 0.794 0.286 0.972 0.030 0.146 0.021 0.011 bal. 52 14 507 ± 6.3  

Table 2 
Microhardness before and after 600 s of shot blasting with corn particles 
(HV100).  

Condition 18Cr8Ni 11CrTT A36 AHSS 
Before Erosion 236 ± 10.8 338 ± 5.5 177 ± 7.3 610 ± 11.1 
After Erosion 240 ± 2.2 333 ± 12.4 184 ± 7.5 606 ± 17.6  

Table 3 
Materials surface roughness before and after 600 s of shot blasting with corn 
particles (μm Ra).  

Condition 18Cr8Ni 11CrTT A36 AHSS 
Before Erosion 0.074 ± 0.05 0.073 ± 0.04 0.202 ± 0.07 0.034 ± 0.01 
After Erosion 0.022 ± 0.01 0.026 ± 0.01 0.067 ± 0.01 0.045 ± 0.01  
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3.4.2. Surface analysis 
Fig. 9 shows the surfaces after 10 cycles (240 h) of pure corrosion in 

deionized water and in the 1300 ppm chloride solution. The 18Cr8Ni 
and 11CrTT surfaces remained completely preserved in the deionized 
water medium (Fig. 9a), as expected. In the solution with 1300 ppm of 
chlorides (Fig. 9b), however, both steels presented a slight yellowing 
aspect with the presence of orange color stains, which indicates the 
presence of iron oxides. It can also be seen the presence of corrosion 
products added at the 11CrTT sample edges. These are regions of higher 
energy and corrosive solution stagnation due to the orientation of the 
samples in the chamber. The SEM analysis indicated the presence of 
scattered oxide points on the 18Cr8Ni surface (Fig. 10a) and the pres-
ence of advanced localized corrosion points (pitting) on the 11CrTT 
surface (Fig. 10b). The 11CrTT worst performance is coherent with their 
low chromium content, which tends to corrode faster compared to an 

18% chromium alloy in an environment containing a high content of 
chlorides. Concerning carbon steels, it is possible to observe in the 
deionized water (Fig. 9a) a larger fraction of areas with the initial sur-
face exposed to the solution of the AHSS steel when compared to the A36 
steel. In the media containing chlorides (Fig. 9b), both steels have a 
surface completely covered by layers of a thick rust. In both media, but 
more visible in the deionized water, the formation of two main oxide 
layers with distinct characteristics was observed, with a very similar 
aspect in both steels. Fig. 11 shows the morphology of these layers 
analyzed by using a stereomicroscope. 

In atmospheric corrosion, the oxide coating formed is generally 
bulky, porous and made up of different layers, without the necessary 
properties to protect the steel from the environment, such as passive 
oxide films [51,54]. Regarding non-adherent rusts, García and other 
authors [51,52,55] find that 3–18% of the iron mass is converted and 

Fig. 8. Mass loss rate behavior of A36 and AHSS carbon steels in pure corrosion: (a) deionized water and 1300 ppm of chlorides media comparative and (b) deionized 
water medium in detail. 

Fig. 9. Materials after 10 cycles (240 h) of pure corrosion in (a) deionized water and (b) 1300 ppm of chlorides solution.  
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this layer, independent of the exposure times and chloride concentra-
tions studied, are composed of lepidocrocite, goethite, hematite, and 
traces of akaganeite. The adherent rust was composed of lepidocrocite, 

spinel phase, goethite and akaganeite. In wet environments containing 
chlorides, iron and steel corrode, forming rusts with brownish colors 
[54] and this can be observed on the surface of both steels for the more 

Fig. 10. Surface of the (a) 18Cr8Ni and (b) 11CrTT stainless steels via SEM after 10 cycles (240 h) of pure corrosion in 1300 ppm of chlorides media.  

Fig. 11. –Surface of the (a) A36 and (b) AHSS carbon steels after 10 cycles (240 h) of pure corrosion in deionized water media via stereo microscope.  

Fig. 12. Surface of the AHSS carbon steel after 10 cycles (240 h) of pure corrosion in 1300 ppm of chlorides solution presenting a detachment of outeroxide layer, 
due to handling after the final of the test. 
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internal layer. Above the referred brownish layer, a distinct external rust 
layer was identified, orange, with a less dense appearance and adhesion. 
This layer has a very similar characteristic to the non-adherent external 
layer formed in deionized water, however with a more brittle and porous 
appearance. In the case of weathering steels, an internal and adherent 
layer of corrosion products protects the steel from complete degrada-
tion. Fig. 12 shows a specimen of AHSS carbon steel at the end of the 
pure corrosion test, where a complete detachment of the external oxide 
layer formed is observed. 

According to the literature, for steels constantly exposed to water, 
rusts keep growing and finally detach as flakes or even as slabs at the 
substrate/rust interface [54], which corroborates with the previous 
analysis regarding the non-adherent nature of these corrosion products. 

3.5. Erosion-corrosion resistance 

3.5.1. Mass loss analysis 
For the erosion-corrosion tests, the mass loss presented by the 

18Cr8Ni and 11CrTT stainless steels were close to zero (10−4 mg/mm2 

magnitude) compared to the carbon steels. Fig. 13 shows the A36 and 
AHSS fitted mass variation evolution, over 10 cumulative cycles of 
erosion-corrosion tests in deionized water and 1300 ppm of chlorides 
solutions. For both carbon steels, the mass removed in erosion-corrosion 
was very close to the mass theoretically gained in pure corrosion, 
reproducing a very similar curve shape. This observation aligns with the 
discussions established previously, in which the direct removal of mass 
by the impact of corn grains was considered of low relevance. In erosion- 
corrosion, it was easier for materials to reach a level of stability in 
deionized water, as can be seen in Fig. 13b. The AHSS showed a 2.23 
times lower mass loss rate compared to the A36 steel (0.017 and 0.038 
mg/mm2, respectively). However, whether in pure corrosion or erosion- 
corrosion, it appears that AHSS steel clearly presents a severely impaired 
performance in more corrosive environments, such as in the presence of 
chloride ions [11]. 

In the medium containing 1300 ppm of chlorides, the mild and high- 
advanced carbon steels performed very close in terms of mass loss (0.227 
and 0.256 mg/mm2, respectively). A performance worsening of 6.74% 
was observed in the saline medium for the A36 steel while an increase of 
13.35 times in mass loss was observed for the AHSS. 

3.5.2. Surface analysis 
Fig. 14 shows the 18Cr8Ni, 11CrTT, A36 and AHSS steel surfaces 

during the first erosion-corrosion cycle in deionized water medium: after 
the fog chamber cycle (Fig. 14a) and after 60 s of shot blasting with corn 
particles (Fig. 14b). In Fig. 15, the same surfaces are shown after 10 

cycles of erosion and corrosion. The 18Cr8Ni and 11CrTT surfaces 
remained intact, maintaining their initial shine and mirrored appear-
ance. In the case of A36 and AHSS carbon steels, it is clear that most of 
the poor or non-adherent oxides (orange color) were removed by the 
corn particles, which in turn were not able to remove the brown-colored 
oxides, which were more adherent [54]. 

Xu et al. [8,15] found similar results for the erosion-corrosion test of 
X65 carbon steel used for pipelines. It is suggested that most of the mass 
lost by these steels in each erosion-corrosion cycle is attributed to the 
removal of non-adherent oxides, establishing a condition of 
erosion-enhancing corrosion [15]. It is also observed that after the first 
cycle in the fog chamber (Fig. 14a), the surface of the carbon steels 
presents a large part of their area covered by oxides. However, over the 
cycles, the re-formation of orange-colored oxides (non-adherent [54]) is 
observed only in small localized areas of the surface (Fig. 15a). It is 
suggested that these points are restricted to regions where localized 
detachment of adherent oxides occurred due to the impact of the solid 
particles, where the base metal is more prone to oxidation. In this way, 
the stability level of mass loss reached by steels observed in the 6th 
erosion-corrosion cycle is clarified. The whitish color observed on the 
surface of the A36 samples can be attributed to corn fines (starch), 
released with the grains breaking, which adhered and were compacted 
in the porous structure of the external oxide layers throughout the 
erosion cycles. For AHSS steel, this was not observed, possibly due to the 
smaller amount of these oxides formed on the surface. The AHSS pre-
serves a significant fraction of its initial surface free of oxides, like that 
observed for pure corrosion in deionized water. A localized corrosion 
mechanism was identified, with deeper and sparser cavities being 
formed. In the other hand, A36 steel corrosion is widespread on the 
surface, where localized cavities are also observed but smaller (Fig. 16). 
Although the role of chlorides in the initiation of pitting corrosion has 
long been known, only recently has this mechanism been shown to be 
more complex and also affect carbon steels, generating localized defects 
[14]. 

Xu et al. [8] observed that the erosion by silica particles in a NaCl 
solution leads to a change in the corrosion mechanism of the X65 carbon 
steel. The authors report a transition from generalized to localized 
corrosion mode, resulting in the formation of more stable pits and 
negative erosion-corrosion synergy, reducing the material’s corrosion 
rate. Fig. 17 shows the surface of the materials at the end (10 cycles) of 
the erosion-corrosion test in a solution containing 1300 ppm of chlo-
rides, just after leaving the fog chamber (Fig. 17a) and after 60 s of shot 
blasting with corn particles (Fig. 17b). Similarly to what was observed 
for deionized water, the surface of the 18Cr8Ni and 11CrTT steels 
maintained their shiny appearance, with some stains but no visible 

Fig. 13. Mass loss rate behavior of A36 and AHSS carbon steels in erosion-corrosion: (a) deionized water and 1300 ppm of chlorides media comparative and (b) 
deionized water media in detail. 
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corrosion products. In the pure corrosion condition, the SEM analysis 
showed large pitting cavities in the 11CrTT, however, in 
erosion-corrosion with the polishing and periodic cleaning of the 

surface, this condition was restricted to stains. The grain impact hin-
dered the progress of corrosion mechanisms under deposit, keeping the 
surface free of fouling and non-adherent corrosion products. In the other 

Fig. 14. Materials at the first cycle of erosion-corrosion in deionized water media: samples surface after the first (a) 15.5 h on the fog chamber and same surface after 
(b) 60 s of shot blasting with corn grains. 

Fig. 15. Materials after 10 cycles of erosion-corrosion in deionized water: samples surface after (a) last 15.5 h on the fog chamber and the same surface after (b) 60 s 
of shot blasting with corn grains. 

V. Pagani de Souza et al.                                                                                                                                                                                                                     



Journal of Materials Research and Technology 30 (2024) 5605–5621

5616

hand, this phenomenon can also damage the passive film of the stainless 
steel, making the surface more susceptible to localized corrosion in 
aggressive environments, such as in the presence of chloride ions [6,23]. 
The A36 and AHSS carbon steels in the fog chamber form rusts, which 
are removed from the surface by the solid particles and represent the 

main mechanism of mass loss of these steels in erosion-corrosion. 
AHSS steel forms less amount of rust in the wet cycles, therefore 

presenting lower mass loss rates during the shot blasting. The whitish 
appearance of the surface, attributed to the compaction of the corn fines 
generated, was concentrated in the central region of the samples, where 

Fig. 16. Surface of the (a,c) A36 and (b,d) AHSS carbon steels via stereo and electronic microscope (SEM), respectively, after 10 cycles (240 h) of erosion-corrosion in 
deionized water medium. 

Fig. 17. Materials after 10 cycles of erosion-corrosion in 1300 ppm chlorides media: samples surface after (a) last 15,5 h on the fog chamber and same surface after 
(b) 60 s of shot blasting with corn grains. 
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the erosion was more intense. Fig. 18 shows the A36 and AHSS steel 
surfaces after erosion-corrosion in the 1300 ppm of chloride solution 
analyzed by using the stereoscopy and SEM analysis. 

Both steels presented a very similar surface after erosion-corrosion, 
and an enhanced galvanic corrosion mechanism was observed, 
explained by the continuous exchanging of anode and cathode sites in 
the surface, which some recent studies attribute to the effect of accu-
mulated Fe3C networks [8,15,56]. Because of the continuous removal of 
non-adherent corrosion products by the erosive agent necessary for 
inducing pitting, the effect of chloride can also be associated with the 
higher media conductivity, allowing for faster charge exchange and 
accelerating corrosion [14]. SEM-EDS analysis revealed the presence of 
residues inside cavities on the surface of both steels, presenting high 
contents of carbon and chlorine in their composition. These elements 
can be associated with corn residues (carbon-based), which, once trap-
ped on the surface due to their porous and hygroscopic nature, were 
soaked in the solution with high chlorine content throughout the cor-
rosive cycles. The chlorine levels far exceed the concentration present in 
the corrosive solution used, reaching values of around 25,000 ppm of 
this element. 

3.6. Surface and corrosion rate analysis after oxides cleaning 

Fig. 19 presents the corrosion rates in mm/year (logarithmic scale) 
obtained for 18Cr8Ni, 11CrTT, A36 and AHSS steels after pure corrosion 
and erosion-corrosion tests, for deionized water (Figs. 19a), 1300 ppm of 
chlorides medium (Fig. 19b). Obviously, after pickling, carbon steel 
loses even more mass, which is associated with adherent layers of rust 
not removed previously. The chloride-containing medium was consid-
erably more aggressive than the steels in terms of mass loss. Interest-
ingly, the pure corrosion condition was responsible for the highest 
corrosion rates, which was more evident in the deionized water media 
for the carbon steels. The damage was mitigated when the two factors 
acted together, creating a negative synergy [28]. The erosion-corrosion 
surface smoothing process reduced the corrosion rates, since a less rough 
surface is less electrochemically active [48]. An exception to this 

behavior was the 18Cr8Ni steel, whose corrosion rates were the lowest 
among the materials. 

In general, the porous and non-adherent oxides formed on the sur-
face of A36 and AHSS steels does not play a protective role in the so-
lutions studied, since when periodically removed, erosion-corrosion 
represented a significant performance improvement. According to 
Tamura [54], the presence of rusts can accelerate carbon steel corrosion, 
where rusts are not corrosion-protective but corrosion-promoting. In the 
case of operation in aggressive media, such as in the presence of chlo-
rides, these oxides retain the aggressive elements in contact with the 
metal surface, creating conditions of even greater corrosiveness at the 
interfaces. In the presence of erosion-corrosion, the less adherent rust 
layers formed are continuously removed, reducing this phenomenon’s 
impact. Kayali et al. [57] found that ferrite-pearlite steels had a lower 
corrosion rate compared to a boronized dual-phase steel (0.15%C 
without Cr) in 3.5% NaCl solution, where the corrosion resistance 
decreased with increase in the martensite ratio. This result was verified 
in the present work, where AHSS had a worse performance (2.97 mm/y) 
compared to A36 steel (2.77 mm/y) under pure corrosion conditions. 
However, in the presence of corn particles, AHSS consistently performs 
better compared to A36, showing corrosion rates 30% lower. 

The 11CrTT stainless steel with low chromium content, despite 
drastically lower corrosion rates compared to carbon steels, showed 
similar behavior, reaching higher corrosion rates in the pure corrosion 
condition (3x10−3 mm/y in the 1300 ppm of chlorides media) than in 
the erosion-corrosion condition. Interestingly, in the case of 18Cr8Ni 
steel, due to the formation of an adherent and compact oxide film that 
effectively protects the metal, a higher corrosion rate was observed in 
the erosion-corrosion condition. The impact of the corn particles may 
have impaired the formation of the passive layer [58,59] and this hy-
pothesis is reinforced by the significant increase in the erosion-corrosion 
rate from 2x10−4 mm/y in the deionized water to 9x10−4 mm/y in the 
1300 ppm of chloride media. López et al. [29] also studied the 
erosion-corrosion of 18Cr8Ni and 0.13Cr stainless steels in a 3.5% NaCl 
solution in the presence of quartz particles. The authors found that 
erosion damage was predominant for the austenitic steel, while 

Fig. 18. Surface of the (a,c) A36 and (b,d) AHSS carbon steels via stereo and electronic microscope (SEM), respectively, after 10 cycles (240 h) of erosion-corrosion in 
1300 ppm of chlorides media. 
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corrosion damage was observed for the martensitic steel. This behavior 
can be explained by the much higher corrosion resistance of 304 steel 
compared to 410, although the latter, after quenching, exhibits much 
higher wear resistance, as confirmed by other authors [60]. In this way, 
the results obtained suggest that the periodic surface cleaning by the 
corn particles proved to be expressively beneficial for the less 
corrosion-resistant materials but was deleterious for the more 
corrosion-resistant steels. Table 4 shows the roughness, while Figs. 20 
and 21 show the 3D topography of A36 and AHSS carbon steels after 
erosion-corrosion and pure corrosion tests. 

The 18Cr8Ni and 11CrTT stainless steels were also characterized, but 
the surface topography remained preserved as the starting condition. 
Comparing to the prepared starting surface (0.202 and 0.034 μm Ra, 
respectively), the A36 and AHSS steels increased drastically, which in 
wear-corrosion conditions can represent a significant loss of perfor-
mance due to surface gradients increasing [61]. The better performance 
of AHSS steel in erosion-corrosion is evidenced again in deionized water 
media when compared to A36 steel, as can be better visualized in 
Fig. 20. The A36 presented authentic generalized corrosion in all the 
surface areas, while the AHSS a more localized damage mechanism. 

In the 1300 ppm chloride medium, both steels presented very similar 
surfaces after erosion-corrosion (Fig. 21). However, the AHSS showed a 
roughness peak in pure corrosion condition, revealing a more hetero-
geneous and damaged final surface. The chromium content (0.97%) 
present in the high-strength alloy significantly reduced corrosion rates 
in deionized water, but it had a much smaller effect in the presence of 
chlorides. The periodical breakdown of the rust layer and the increase of 
the surface roughness cause an increase in the overall corrosion rate, 
especially in presence of more hard particles [8]. A rougher surface fa-
vors material incrustation, which can generate operational problems for 
grain processing plants. The degradation of organic matter adhered to 
equipment can lead to contamination of the food that meets the metallic 

surface. 

3.7. Synergy between erosion and corrosion 

It was considered that corrosion is the main damage process, and the 
effect of erosion on corrosion was investigated. Thus, the phenomenon 
was called erosion-enhanced corrosion. In general, the erosion enhanced 
corrosion synergy was not evident in the results since the corn erosive 
particles were not able to damage the surface or even completely remove 
the oxide layer from the surface to reach the metallic substrate, in the 
specific case of carbon steels. The absence of hardening or deformation 
mechanisms on the surface also corroborates this conclusion, so the 
higher or lower mass loss rates on erosion-corrosion were strongly 
influenced by the amount of rust formed on the surface. The erosion 
caused a reduction in the surface roughness of the steels studied, except 
in the case of AHSS steel (Table 3). This effect was more pronounced for 
A36 steel. Regarding erosion-enhanced corrosion, we can divide the 
materials in two groups to discuss the results: stainless steel and carbon 
steel. 

Firstly, the two corrosive media proved to be low aggressive for the 
18Cr8Ni and 11CrTT SS in the conditions tested, as can be seen in the 
final surfaces and mass loss rates obtained. Considering the greater 
corrosion resistance of the 18Cr8Ni compared to the 11CrTT SS, the 
corrosion damage was even lower for the 18Cr8Ni steel. On the other 
hand, the damage observed in pure erosion was higher for the 
18Cr8NiSS, which is softer compared to the 11CrTT steel (Table 1). The 
erosion-enhanced corrosion rate for 18Cr8Ni was higher than its 
corrosion rate in the deionized water and in the medium containing 
chlorides. The erosion was detrimental to the corrosion rate of the 
18Cr8Ni in both media, and the synergy is positive [28]. 

Interestingly, for the 11CrTT steel, the lower damage from pure 
erosion obviously impacted the lower erosion-corrosion mass loss rates 
when compared to pure corrosion, which is emphasized in the 1300 ppm 
of chlorides medium. This result, however, also suggests a beneficial 
effect of erosion on corrosion resistance for the 11Cr steel, mainly in the 
more aggressive environment containing chlorides. In this case, the 
synergy between erosion and corrosion is negative [28]. 

Regarding A36 and AHSS carbon steels, which in pure erosion tests 
even showed mass gain due to the formation of corrosion products, the 
erosion-corrosion rate was lower compared to pure corrosion in both 
media. A beneficial effect of erosion on the corrosion resistance of car-
bon steels was identified mainly in deionized water. This effect can be 

Fig. 19. Corrosion rate of the materials after 10 cycles of erosion-corrosion and pure corrosion tests on (a) deionized water and (b) 1300 ppm of chlorides media 
(after varnish removal and chemical cleaning of carbon steel surface). 

Table 4 
Surface roughness of A36 and AHSS carbon steel after 10 cycles of erosion- 
corrosion and pure corrosion testsin deionized water and 1300 ppm of chlo-
rides solutions.  

Condition A36 AHSS 
Erosion-Corrosion (deionized water) 3.93 ± 0.83 0.75 ± 0.52 
Erosion-Corrosion (1300 ppm Cl¡) 8.20 ± 1.08 8.18 ± 1.28 
Pure Corrosion (deionized water) 4.33 ± 0.98 3.34 ± 2.49 
Pure Corrosion (1300 ppm Cl¡) 8.08 ± 0.92 15.50 ± 2.00  
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associated with the periodic removal of non-adherent porous rusts that 
act as reservoirs for corrosive agents and the smoothing effect, thus 
attenuating corrosion damage in the erosion-corrosion test, and a 
negative synergy between erosion and corrosion was identified [28]. 

In the schematic diagram shown in Fig. 22, the different mechanisms 
observed in the materials due to the erosion influence on corrosion are 
illustrated. For the 18Cr8Ni and 11CrTT stainless steel surfaces, only the 
smoothing effect is pertinent (Fig. 22a), once these materials did not 
present corrosion products added to the macro surface to be removed. 
Regarding carbon steels, the corrosion was the main mechanism in the 
surface degradation and mass loss rates, and their effect coupled to 
erosion impacted directly in the rust layer dynamics. The corn particles 
were much more evident in these materials due to the non-adherent rust 

layer periodical removal action, which is illustrated in Fig. 22b for the 
deionized water and in Fig. 22 c for the medium containing 1300 ppm of 
chloride ions. As discussed previously in the surface analysis, the AHSS 
performed better in the less aggressive medium when compared to the 
A36 carbon steel. In the medium containing chlorides, evaluating the 
surface throughout the erosion-corrosion cycles, despite the chromium 
content in the chemical composition, the high-strength steel showed a 
very similar behavior to the conventional carbon steel. 

4. Conclusions 

In this study, laboratory tests were performed to study the erosion, 
corrosion and erosion-corrosion behavior of stainless and carbon steels, 

Fig. 20. 3D topography of the A36 and AHSS carbons steels after (a) erosion-corrosion and (b) pure corrosion conditions in deionized water media, respectively 
(surfaces after chemical cleaning). 

Fig. 21. 3D topography of the A36 and AHSS carbons steels after (a) erosion-corrosion and (b) pure corrosion conditions in 1300 ppm of chlorides media, 
respectively(surfaces after chemical cleaning). 
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aimed at understanding the main mechanisms involved and establishing 
a more cost-effective solution to reduce equipment maintenance and 
environmental impacts in the agribusiness sector. 

The deionized water and chlorides containing corrosive media 
proved to be low aggressive for the 18Cr8Ni and 11CrTT stainless steels 
in the conditions tested. The surfaces maintained their initial shine and 
mirrored appearance in addition to the very low corrosion rates 
observed. 

Even though corn particles impact were not able to deform or cause 
mechanical damage to the steel surfaces, the soft erosive acts removed 
non-adherent corrosion products formed in the carbon steel and pol-
ishing the surfaces. 

The erosive component had a evidentiated impact in the 18Cr8Ni 
soft surface compared to the more hard 11Cr surface, however, the 
corrosion damage was more significative in the 11Cr steel. The erosion- 
enhanced corrosion rates of 11Cr and carbon steels were lower than the 
pure corrosion rates. Specifically for the carbon steel this indicates that 
the soft particles impact was expressively beneficial due to the periodic 
removal of porous rust layers that function as reservoirs for corrosive 
agents which culminated in the corrosion damage mitigation. 

The corn particle erosion associated to the corrosion component in 
the deionized water media leads to the AHSS corrosion pattern change 
from general corrosion to localized damage, significantly reducing the 
corrosion rates and surface degradation. 

In erosion-corrosion tests, regardless of hardness, the carbon steels 
presented corrosion rates at least 130 times higher in the deionized 

water and at least 700 times higher in the chloride solution compared to 
the 11CrTT stainless steel. 

Low-chromium stainless steel emerges as a cost-effective and envi-
ronmentally friendly solution to wear and corrosion challenges in the 
agribusiness segment. 
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