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ABSTRACT 

The aim of the study was to determine the corrosion behavior of two austenitic stainless steels, 

AISI 304L and AISI 316Ti, after cold rolling (AR) and mechanical polishing/grinding (MP), in a 32% 

aqueous solution of AUS (RSM®)  Ammonium Nitrate/Urea Solution, used as fertilizer, and com-

pared with the corrosion resistance results obtained in 3% aqueous solution of sodium chloride (NaCl). 

The studies have shown that cold rolled austenitic stainless steels (AISI 304L and AISI 316Ti) in the 

32% aqueous solution of AUS have more than two times higher pitting corrosion resistance than that 

obtained in 3% aqueous solution of sodium chloride (NaCl). Surface scratch of the cold rolled austen-

itic AISI 304L stainless steel and submersion of the samples in 3% aqueous solution of sodium chlo-

ride resulted in decreasing of its pitting corrosion resistance of more than three times; on the other 

hand, the pitting corrosion resistance of AISI 316Ti in the same solution decreased of two times. It 

was found that for both stainless steels (AISI 304L and AISI 316Ti) after mechanical grinding, as 

simulated by the surface scratch, and submersion of the samples in 32% aqueous solution of AUS, the 

pitting corrosion resistance was not worsened, because of the passivation properties of AUS solution. 

The study results have shown that in the natural environments containing aqueous solutions of sodium 

chloride (NaCl), the use of austenitic stainless steel containing chromium, nickel, molybdenum and 

titanium (AISI 316Ti) is advised. In other environments without chlorides, such as the AUS fertilizer, 

the use of austenitic AISI 304L stainless steel may be considered as adequate. 
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1.  INTRODUCTION 

 

The Ammonium Nitrate/Urea Solution (AUS), which is the aqueous solution of urea 

(CH4N2O) and ammonium nitrate (NH4)(NO3), is obtained by mixing of ammonium nitrate 

with urea at the proportion of 1:1. The highly concentrated RSM®, as an aqueous solution of 

AUS is commonly used as a fertilizer. It contains three forms of nitrogen: nitrate, ammonium, 

and amid [1-5]. It also contains a corrosion inhibitor because otherwise, if it is used without 

this addition, it could cause a prompt corrosion action on steel. A destructing corrosion inten-

sity of the AUS fertilizer decreases when the temperature lowers, and at 20 C the AUS re-

veals low corrosion action; with the increase of pH and nitrogen content, its corrosivity is also 

lowering [2-12]. There are three groups of AUS fertilizers, dependent on the nitrogen content, 

i.e. 28%, 30%, and 35%. The physical properties of AUS fertilizers are given in Table 1, 

whereas information concerned with the nitrogen content and type of fertilizer are presented 

in Table 2.  

 

Table 1. Physical properties of AUS (RSM®) solution [4]. 

 

Physical properties Unit RSM 28 RSM 30 RSM 35 

Specific density  at 20 C [kg/dm
3 
] 1.28 1.30 1.32 

Cristallization temperature [
 
C] 17 9 0 

 

 

Table 2. Nitrogen content in AUS (RSM®) solution [4]. 

 

Nitrogen content Unit RSM 28 RSM 30 RSM 32 

Total [%] 28 30 35 

Ammonium + nitrate [%] 14 15 16 

Amid [%] balance balance balance 

 

 

Ammonium nitrate urea solution (AUS) is used to all types of soils for pre-sowing and 

top dressing fertilization of rape, potatoes, corn, grain, garden crops, growing fruit, as well as 

grassland [1-3]. The AUS fertilizers should be stored in closed containers with vent/tank 

vents. The storage tanks as well as pumps and pipelines for the transport of fertilizers should 

be corrosion resistant [7-17]. To that kind of constructions the following materials may be 

used: acid-proof steels, stainless steels [18,19], enamels, carbon steels with protective coat-

ings, as well as plastics such as PCV, polypropylene and polyethylene. Color metals or their 

alloys cannot be used to these purposes. During the storage, water evaporates from fertilizer 



World Scientific News  49(2) (2016) 249-271 

 

 

-251- 

so it should be supplemented. This action does not affect the quality nor impairment/loss of 

fertilizer. When using the fertilizer, one should avoid racking it to flammable materials such 

as are, straw, lubricants, excelsior, otherwise if that is the main purpose of intervention, e.g. 

spraying stubble [2-5]. 

The basic aim of the study was to determine the corrosion behavior of two austenitic 

stainless steels, AISI 304L and AISI 316Ti, after cold rolling (AR) and mechanical polish-

ing/grinding (MP), in 32% aqueous solution of AUS, Ammonium Nitrate/Urea Solution 

(RSM®). This AUS fertilizer is a Poland-registered (RSM®) name of means used in agricul-

ture so the knowledge on its corrosion action on steel containers/tanks is of great importance 

during use and storage.   

 

 
2.  METHOD  

2. 1. Set up 

Potentiodynamic studies of corrosion resistance have been carried out at the Surface 

Electrochemistry Division, Faculty of Mechanical Engineering, Koszalin University of Tech-

nology, on the set-up using ATLAS 98 EII with IMP98 software (Fig. 1). A calomel electrode 

(Eurosensor EK-101 No. 184) was applied for the reference, with platinum used as a current 

electrode. The studied samples, made of austenitic steel, were used as working electrodes [20-

27]. The electrochemical cell, with all electrodes used, is presented in Fig. 2.  

 
 

Fig. 1. Set up used to corrosion rate measurements by impedance method (ATLAS 98 EII) 

consisting of potentiostat (A), computer (B), platinum electrode (C), calomel  elec-

trode (D) and working electrode, the studied sample (E) 

 B   

A   

 C 

 D 

 E 
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Fig. 2. Electrochemical cell with electrodes: platinum (A),  

calomel (B) and working – sample (C) 

 

 

2. 2. Samples and solutions used for the studies of corrosion resistance 

Rectangular samples of dimensions 40×30 mm cut off of the austenitic steel sheet 2 mm 

thick were used for the studies. Two steel materials were used, AISI 304L and AISI 316Ti, 

with the compositions studied before, and presented in Table 3. 

 

Table 3. Composition (wt %) of AISI 304L and AISI 316Ti steels. 

 

Element AISI 304L AISI 316Ti 

Carbon 0.03 0.043 

Silicon 0.484 0.62 

Manganese 1.65 1.25 

Phosphorus 0.034 0.018 

Sulfur 0.0046 0.0037 

Chromium 18.03 16.57 

Nickel 7.87 11.04 

Molibdenum 0.297 2.05 

 A 

B 

 C 
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Aliminium 0.0053 0.037 

Copper 0.409 0.11 

Cobalt 0.171 0.038 

Titanium 0.0039 0.378 

Niobium 0.018 0.032 

Vanadium 0.064 0.114 

Tungsten 0.032 <0.007 

Lead 0.0044 0.0051 

Boron 0.0028 0.002 

Antimony 0.0062 <0.002 

Tin 0.012 0.0083 

Arsenic 0.024 0.013 

Bismuth <0.001 0.0016 

Calcium 0,0011 0.006 

Nitrogen 0,057 0.029 

Iron 70,8 67.6 

 

 

Two sets of samples of these austenitic steels were prepared, one of them after cold roll-

ing, as-received (AR), and the second one after grinding (MP) using SiC paper of 120 grit 

size, to simulate a possible scratch on the steel surface during performance. Such prepared 

samples were undergone to degreasing by means of acetone. Afterwards, plastic cylindrical 

electrochemical cells of inside diameter 16 mm were stuck by means of a 2-component adhe-

sive, Distal Rapid, to each of the sample (see Fig. 2).   

Two solutions were prepared as the electrolytes for the study: (1) 32% aqueous solution 

of AUS (pH~7), and (2) 3% aqueous solution of NaCl (pH~7). The corrosion studies were 

carried out at a room temperature of about 20 ºC. 

 

 

3.  RESULTS 

 

In Figures 3, 4, and Table 4, are presented the polarization potentiodynamic study re-

sults in 3% NaCl aqueous solution performed on austenitic AISI 304L stainless steel as-

received after cold-rolling (AR) and after abrasive grinding (MP). It results from the study 

that the average value of pitting corrosion potential for the AISI 304L SS as-received after 

cold-rolling (AR) in 3% NaCl aqueous solution equals 466.5 ±55.9 mVSCE at the range and 

median equaling 135 mVSCE and 491 mVSCE, respectively, whereas for the steel after grinding 

(MP) it is considerably lower and equals 134 ±65 mVSCE at the range of 37 mVSCE and medi-

an equaling 268 mVSCE. It may be explained by formation of the passive layer during the 

steel cold-rolling and a long exposition of the steel in the air [7,8,15-17].  
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Fig. 3. Results of potentiodynamic polarization studies in 3% NaCl solution: cold-rolled 

AISI 304L SS as-received (AR), (vertical axis – logarithmic)  

 

Fig. 4. Results of potentiodynamic polarization studies in 3% NaCl solution: cold-rolled 

AISI 304L SS after grinding (MP), (vertical axis – logarithmic)  
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Corrosion potential of the linear Tafel region [10-14, 28] for the steel after abrasive 

grinding (MP) is much lower than that for the cold-rolled (AR) steel (10.5 ±104.4 mVSCE; 

median 29 mVSCE) and equals 280 ±56.1 mVSCE at median 268 mVSCE  that is also con-

nected with the passive layer destroyed during the abrasive grinding (MP). 

 

Table 4. Study results of potentials of: general corrosion Ecorr  and pitting corrosion Epit   

together with the statistics of data for AISI 304L SS, AR and MP, in 3% NaCl  

aqueous solution. 

 

SAMPLE NO. 
AR-304L-3% NaCl MP-304L-3% NaCl 

Epit Ecorr Epit Ecorr 

1 525 102 108 231 

2 485 89 144 261 

3 495 120 138 224 

4 499 93 254 275 

5 403 35 74 372 

6 390 112 86 317 

Average 466.5 10.5 134 280 

Sta. deviation 55.9 104.4 65 56.1 

Median 491 29 123 268 

Max 525 120 254 224 

Min 390 102 108 261 

Range 135 222 146 37 

 

 

In Figures 5, 6, and Table 5, are displayed the polarization potentiodynamic study re-

sults in 32% aqueous solution of AUS carried out on austenitic AISI 304L stainless steel as-

received after cold-rolling (AR) and after abrasive grinding (MP). The studies show that the 

average value of the pitting corrosion potential of 304L SS as-received after cold-rolling (AR) 

in 32% aqueous solution of AUS equals 1327.7±24 mVSCE 
 
at the range and median equaling 

60
 
mVSCE  and 1340 mVSCE, respectively, whereas for the steel after grinding (MP) it is much 

higher and equals 1383.2±76.8 mVSCE 
 
at the range of 194 mVSCE and median equaling 

61.5  mVSCE. It may be explained by the fact that the new passive layer, forming in 32% 

aqueous solution of AUS, is more compact, tight and resistant to pitting corrosion than that 

obtained after cold-rolling and additionally passivated during the potentiodynamic polariza-

tion process. Corrosion potential of the linear Tafel region for the steel after abrasive grinding 

(MP) is much lower than that for the cold-rolled (AR) steel (5.8±70 mVSCE; median 61.5 

mVSCE) and equals 173±68.6 mVSCE at median  mVSCE  that is also connected with 

the passive layer destroyed during the mechanical grinding (MP). 
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Fig. 5. Results of potentiodynamic polarization studies in 32% aqueous solution of AUS: 

cold-rolled AISI 304L SS as-received (AR), (vertical axis – logarithmic)  

 

 

Fig. 6. Results of potentiodynamic polarization studies in 32% aqueous solution of AUS: 

cold-rolled AISI 304L SS after grinding (MP), (vertical axis – logarithmic)  
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Table 5. Study results of potentials of: general corrosion Ecorr  and pitting corrosion Epit       

together with the statistics of data for AISI 304L SS, AR and MP,  

in 32% aqueous solution of AUS 

 

SAMPLE NO. 
AR-304L-32% AUS MP-304L-32% AUS 

Epit Ecorr Epit Ecorr 

1 1343 66 1326 190 

2 1344 57 1355 201 

3 1337 56 1332 207 

4 1315 143 1338 219 

5 1284 217 1520 35 

6 1343 36 1428 186 

Average 1327.7 95.8 1383.2 173 

Sta. deviation 24 70 76,8 68,6 

Median 1340 61.5 1346.5 195.5 

Max 1344 36 1520 35 

Min 1284 217 1326 219 

Range 60 181 194 184 

 

 

 

Fig. 7. Results of potentiodynamic polarization studies in 3% NaCl solution: cold-rolled 

AISI 316Ti SS as-received (AR), (vertical axis – logarithmic)  
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Fig. 8. Results of potentiodynamic polarization studies in 3% NaCl solution: cold-rolled 

AISI 316Ti SS after grinding (MP), (vertical axis – logarithmic)  

 

 

In Figures 7, 8, and Table 6, are given the polarization potentiodynamic study results in 

3% NaCl aqueous solution carried out on austenitic AISI 316Ti stainless steel as-received 

after cold-rolling (AR) and after abrasive grinding (MP). It results from the study that the av-

erage value of pitting corrosion potential for the AISI 304L SS as-received after cold-rolling 

(AR) in 3% NaCl aqueous solution equals 532.5±26.6 mVSCE at the range and median equal-

ing 64 mVSCE and 532.5 mVSCE, respectively. On the other hand, for the steel after grinding 

(MP) it is considerably lower and equals 290.8±27.5 mVSCE at the range of 72 mVSCE and 

median equaling 287 mVSCE. It may be explained, alike before, by formation of the passive 

layer during the steel cold-rolling.  

Corrosion potentials of the linear Tafel region for the steel both as the cold-rolled (AR), 

(±56 mVSCE; median  mVSCE) as well as after the abrasive grinding (MP), 

(8±50.1 mVSCE at median 49 mVSCE), are similar. 

 

Table 6. Study results of potentials of: general corrosion Ecorr  and pitting corrosion Epit  to-

gether with the statistics of data for AISI 316T SS, AR and MP, in 3% NaCl aqueous solution. 

 

SAMPLE NO. 
MP-316Ti-3% NaCl AR-316Ti-3% NaCl 

Epit Ecorr Epit Ecorr 

1 318 47 543 7 

2 327 55 522 6 
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3 255 86 559 12 

4 271 4 563 11 

5 290 51 509 22 

6 284 58 499 148 

Average 290.8 31.8 532.5 34.3 

Sta. deviation 27.5 50.1 26.6 56 

Median 287 49 532.5 11.5 

Max 327 55 563 6 

Min 255 86 499 148 

Range 72 141 64 142 

 

 

Fig. 9. Results of potentiodynamic polarization studies in 32% aqueous solution of AUS: 

cold-rolled AISI 316Ti SS as-received (AR), (vertical axis – logarithmic)  

 

 

In Figures 9, 10, and Table 7, are displayed the polarization potentiodynamic study re-

sults in 32% aqueous solution of AUS carried out on austenitic AISI 316Ti stainless steel as-

received after cold-rolling (AR) and after abrasive grinding (MP). The studies show that the 

average value of the pitting corrosion potential of 316Ti SS as-received after cold-rolling 

(AR) in 32% aqueous solution of AUS equals 1320.3±123.5 mVSCE 
 
at the range and median 

equaling 390
 
mVSCE  and 1323.5  mVSCE, respectively, whereas for the steel after grinding 

(MP) it is higher and equals 1454.3±21.1 mVSCE 
 
at the range of 49 mVSCE and median equal-

ing 1459.5 mVSCE. It may be explained, alike before, by the fact that the new passive layer, 
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forming in 32% aqueous solution of AUS, is more compact, tight and resistant to pitting cor-

rosion than that obtained after cold-rolling operation. 

Corrosion potentials of the linear Tafel region for the steel both as the cold-rolled (AR), 

(45.3±73.8 mVSCE; median 137.5 mVSCE) as well as after the abrasive grinding (MP), 

(83±75.6 mVSCE; mediana: 82 mVSCE), are similar. 

 

 

Fig. 10. Results of potentiodynamic polarization studies in 32% aqueous solution of AUS: 

cold-rolled AISI 316Ti SS after grinding (MP), (vertical axis – logarithmic)  

 

 

Table 7. Study results of potentials of: general corrosion Ecorr  and pitting corrosion Epit       

together with the statistics of data for AISI 316Ti SS, AR and MP,  

in 32% aqueous solution of AUS. 

 

SAMPLE NO. 

MP-316Ti-32% 

AUS 
AR-316Ti-32% AUS 

Epit Ecorr Epit Ecorr 

1 1448 144 1325 168 

2 1437 35 1322 137 

3 1424 128 1311 138 

4 1471 18 1330 133 

5 1473 36 1512 33 

6 1473 173 1122 263 

Average 1454.3 83 1320.3 145.3 
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Sta. deviation 21.1 75.6 123.5 73.8 

Median 1459.5 82 1323.5 137.5 

Max 1473 18 1512 33 

Min 1424 173 1122 263 

Range 49 191 390 230 

 

 

In Figure 11, the pitting corrosion potentials, of austenitic AISI 304L and AISI 316Ti 

stainless steels as-received after cold-rolling (AR) and after abrasive grinding (MP), in 3% 

aqueous NaCl solution and in 32% aqueous solution of AUS, are presented. In 3% aqueous 

NaCl solution environment the resistance for pitting corrosion of both, 304L and 316Ti SS,  

as characterized by the pitting corrosion potential in both cases, AR and MP, is below 600 

mVSCE. On the other hand, the resistance to pitting corrosion of both studied steels, in both 

cases, AR and MP, in 32% aqueous solution of AUS, is higher with the potentials over 800 

mVSCE. The significance tests, displayed in Tables 8 and 9 show that in 3% aqueous NaCl 

solution a scratch on the steel surface may cause a considerable lowering of resistance to pit-

ting resulting from the lack of a stable passive layer on the steel surface in the rich chloride 

environment. On the other hand, in case of submersion in 32% aqueous solution of AUS, a 

scratch on the steel surface does not reveal essential differences in the resistance to pitting. 

The passivation properties of the environment, which is ammonium nitrate/urea of pH = 7, 

containing 50% of nitrogen in amid form and 25% of each in ammonium and nitric, have been 

revealed. By analyzing the average pitting corrosion potentials one may state that the mechan-

ical grinding/polishing (MP) operation results in an improved resistance to pitting; it is most 

probable that a uniform and compact passive layer is formed on steel surface submerged in 

32% aqueous solution of AUS.  

One should also notice that for the austenitic AISI 316Ti stainless steel, containing apart 

from chromium and nickel also molybdenum and titanium, the range in results of the pitting 

corrosion potential is the least proving these elements assist in a considerable way in the for-

mation of a tight and compact, uniform passive layer. 

In Figure 12, corrosion potentials of the linear Tafel region of austenitic AISI 304L and 

AISI 316Ti stainless steels as-received after cold-rolling (AR) and after grinding (MP), in 3% 

aqueous NaCl solution and in 32% aqueous solution of AUS, are presented. In 3% aqueous 

NaCl solution environment for AISI 304L SS, an essential drop of the corrosion potential is 

observed on the ground steel surface (MP) in relation to that of cold-rolled as-received (AR) 

steel. Most probable, it is brought on by the presence of halogens (Cl

) in the solution, which 

do not allow to form a tight and compact surface layer, affecting in lowering the potential of 

Tafel region. On the other hand, on the AISI 316Ti SS surface, no essential difference in cor-

rosion potentials of the linear Tafel region are noticed, which come from the presence of mo-

lybdenum and titanium in the surface layer, taking active part in the formation of a passive 

nanolayer on the steel surface. Here, in case of 32% aqueous solution of AUS, though no es-

sential differences are noticed on the steels based on the significance tests (Tables 10 and 11), 

however, a decreasing trend is visible for the steels’ surfaces after grinding (MP). In case of 

the austenitic stainless steel containing molybdenum and titanium (316Ti), corrosion potential 

of the linear Tafel region is higher for the material after grinding (MP), proving of the role of 

these two elements. These additions of molybdenum and titanium in the steel result in pas-

sivation taking place in 32% aqueous solution of AUS. 
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Fig. 11. Pitting corrosion potentials of AISI 304L and AISI 316Ti  SS: AR – as received, 

and MP – after abrasive grinding (at horizontal axis: RSM stands for AUS) 
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Table 8. Significance tests for potentials of pitting corrosion for austenitic AISI 304L SS 
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Table 9. Significance tests for potentials of pitting corrosion for austenitic AISI 316Ti SS 
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Fig. 12. Corrosion potentials (Tafel region) of AISI 304L and AISI 316Ti  SS: AR – as re-

ceived, and MP – after abrasive grinding (at horizontal axis: RSM stands for AUS) 
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Table 10. Significance tests for corrosion potentials (Tafel region) for austenitic AISI 304L 
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Table 11. Significance tests for corrosion potentials (Tafel region) for austenitic  

AISI 316Ti SS. 
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4.  CONCLUSIONS 

 

Based on the results obtained and the statistical analysis carried out, the following con-

clusions may be formulated:  

(1) The austenitic cold-rolled AISI 304L stainless steel (AR) placed in the environment of 

32% aqueous Ammonium Nitrate/Urea Solution (AUS) reveals over two times higher 

resistance to the pitting corrosion than that submerged in 3% aqueous solution of NaCl 

 the average value of pitting corrosion potential of cold-rolled (AR) 304L SS in 

3% aqueous solution of NaCl equals 466.5±55.9 mVSCE with median of 491 

mVSCE   

 the average value of pitting corrosion potential of cold-rolled (AR) 304L SS in 

32% aqueous solution of AUS equals 1327.7±24 mVSCE with median of 1340 

mVSCE 

(2) The scratch on surface of austenitic cold-rolled (AR) AISI 304L SS results in a de-

crease of its corrosion resistance over three times in 3% aqueous solution of NaCl, 

whereas this corrosion resistance is increasing in 32% aqueous solution of AUS  

 the average value of pitting corrosion potential of austenitic 304L SS after grind-

ing (MP) in 3% aqueous solution of NaCl equals 134±65 mVSCE with median of 

268 mVSCE 

 the average value of pitting corrosion potential of austenitic 304L SS after grind-

ing (MP) in 32% aqueous solution of AUS equals 1382.2±76.8 mVSCE with medi-

an of 1346.5 mVSCE 

(3) The austenitic cold-rolled AISI 316Ti stainless steel (AR) placed in the environment 

of 32% aqueous Ammonium Nitrate/Urea Solution (AUS) reveals over two times 

higher pitting corrosion resistance than that submerged in 3% aqueous solution of 

NaCl 

 the average value of pitting corrosion potential of cold-rolled (AR) 316Ti SS in 

3% aqueous solution of NaCl equals 532.5±26.6 mVSCE  with median of 

532.5 mVSCE 

 the average value of pitting corrosion potential of cold-rolled (AR) 316Ti SS in 

32% aqueous solution of AUS equals 1320.3±123.5 mVSCE  with median of 

1323.5 mVSCE 

(4)  The scratch on surface of austenitic cold-rolled (AR) AISI 316Ti SS results in a decrease 

of its corrosion resistance almost two times in 3% aqueous solution of NaCl, whereas this 

corrosion resistance is improving in 32% aqueous solution of AUS 

 the average value of pitting corrosion potential of austenitic 316Ti SS after grind-

ing (MP) in 3% aqueous solution of NaCl equals 290.8±27.5 mVSCE  with median 

of 287 mVSCE   

 the average value of pitting corrosion potential of austenitic 316Ti SS after grind-

ing (MP) in 32% aqueous solution of AUS equals 1454.3±21.1 mVSCE  with medi-

an of 1459.5 mVSCE   
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(5)  32% aqueous solution of AUS reveals passivation properties and improvement in pitting 

corrosion resistance of austenitic stainless steel (AISI 316Ti SS) containing, apart from 

chromium and nickel, also molybdenum and titanium  

(6)  In a natural environment, where a high concentration of NaCl occurs (seaside areas), the 

stainless steel of higher corrosion resistance (316Ti) should be used, whereas in other 

places the use of AISI 304L SS is adequate. 
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