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Abstract 

Over the past two decades, the ammonia and urea industry have witnessed spectacular metallurgical      
developments for process equipment. For example, stainless steels, modified with special materials,  
can improve high temperature creep rupture resistance. Using duplex stainless steels and modern  
corrosion abatement techniques are other methods that improve plant-operating performance. 
Materials plays very important role in any industry. Selection of material is vital at design stage itself. 
Wrong selection of material may lead to catastrophic failures and outage of plants & even loss of human 
lives; right selection of material leads to long life of plant. Over the past two decades, the  ammonia 
and urea industry have witnessed spectacular metallurgical developments for process equipment. For 
example, stainless steels, modified with special materials, can improve high temperature creep rupture 
resistance. Using duplex stainless steels and modern corrosion abatement techniques are other 
methods that improve plant-operating performance. The actual reactor has   been constructed using a 
variety of materials over the years that can resist ammonium carbamate corrosion. In the  latest plants 
specialty duplex steels, such as Sandvik’s Safurex, have greatly improved the resistance to ammonium 
carbamate  corrosion. Fertilizer  plants  employ various corrosive, hazardous and abrasive fluids and 
chemicals. The temperatures involved range from cryogenic (-33 oC) in ammonia storage to reactor 
pressure 1000 oC in reformer. The pressure is as high as 175- 350 kg/cm2 in ammonia converter and 
in urea plant reactor pressure 150-250 kg/cm2. Once equipment has been selected, the materials for 
its construction must  be established. Although a process engineer is not expected to be knowledgeable 
as a metallurgist, the engineer should have a general idea of what materials are compatible with the 
process. Therefore, this  topic  presents  some  general guidelines in the selection of material  for 
process equipment. In all ammonia and urea plants worldwide the problem of severe erosion and 
corrosion  of  high  pressure vessels  have  been  a common phenomenon. Duplex steels have also 
been adopted for piping, valves, etc. Since the advent of industrial urea processes based on the direct  
reaction  between  ammonia  and  carbon dioxide, designers and urea plant owners have had  to  deal  
with  the  problems  of  corrosion. Although  pure urea  solutions  are  not  very corrosive, ammonium 
carbamate (an intermediate in urea synthesis) is a highly corrosive liquid. For  example, carbon steel  
in contact with carbamate solutions will corrode at a rate of more than 900 mm/year. A corrosion- 
resistant layer made of a special type of stainless steel is therefore required to protect carbon steel 
pressure  vessel  walls  in  the  urea  synthesis section. In this paper all material used in ammonia and 
urea fertilizers covered. 
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Sandvik 2RE10 offers 20% higher corrosion resistance at 60% concentration

Fig-62
Setting a higher standard 
As you know, technical standards are not 
scientifically exact – they are more 
a certain range. To be on the safe side and live 
up to our quality reputation, Sandvik always 
produces materials according the top values 
within a standard. We call it “setting the 
standard within the standard”. By always being 
in the upper range of a technical standard, we 
know our customers can achieve nonstop 
production with fewer unexpected productivity 

expectations. Sandvik’s production is global, but 
one thing remains: the initial melt is always 
made in Sandviken, Sweden and each batch is 
fully documented and traceable. 
Industry experience is key 
For more than 60 years Sandvik has been 
solving material challenges for the global urea 
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high-quality steel” before. Naturally we think 
it’s true and we are proud to be a part of this 
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steel production more than 150 years ago and 
continue to fine-tune our production expertise 
and materials knowledge. Today, more than 
2700 people within our group R&D organization 
are devoted to meeting and exceeding your 
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made in Sandviken, Sweden and each batch is 
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reservoir of knowledge. Combining that 
knowledge with pioneering th
new or improved materials continuously helps 
our customers to boost their productivity and cut 
costs that arise due to material failures.
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You might have heard the expression “Swedish 
high-quality steel” before. Naturally we think 
it’s true and we are proud to be a part of this 
premium steelmaking legacy. We started our 
steel production more than 150 years ago and 
continue to fine-tune our production expertise 
and materials knowledge. Today, more than 
2700 people within our group R&D organization 
are devoted to meeting and exceeding your 
expectations. Sandvik’s production is global, but 
one thing remains: the initial melt is always 
made in Sandviken, Sweden and each batch is 
fully documented and traceable. Industry 
experience is key.For more than 60 years 
Sandvik has been solving material challenges for 
the global urea and nitric acid industries – 
leading to a vast reservoir of knowledge. 
Combining that knowledge with pioneering the 
development of new or improved materials 
continuously helps our customers to boost their 
productivity and cut costs that arise due to 
material failures. 
Corrosive Environments 
Aqueous Corrosion Background 
Corrosion in aqueous solutions is an 
electrochemical process, involving ions 
(electrically charged atoms) and the transfer of 
electrical charges at the metallic surfaces. 
Anodes and cathodes occur locally on the 
surfaces; metal is removed at the anodes (in the 

form of positively charged ions, i.e. M > M+). 
Electrons flow within the metallic material from 
anodic sites to cathodic sites, and vice versa in 
the aqueous solution. The principle cathodic 
reaction during corrosion by acids is the 
reduction of positively charged hydrogen ions to 
regular hydrogen atoms (i.e. H+> H), and 
subsequently hydrogen molecules (gas). Hence 
the term reducing acid solution. An oxidizing 
acid solution is one that induces a cathodic 
reaction of higher potential; oxidizing acids tend 
to induce passivation (passivity), whereby 
protective films form on the metallic surfaces. 
These films can be multi-layered and can be 
oxides, hydroxides, or oxy-hydroxides. The 
corrosion performance of even one metallic 
material is a very complex issue, given that there 
are many forms of corrosion, each dependent 
upon temperature, concentration, and the 
chemical purity of the solution. To simplify 
matters, therefore, this section deals with each 
form of corrosion in turn, with particular 
emphasis on the key industrial, inorganic 
chemicals, and upon the characteristics of each 
of the major alloy families (within the realm of 
corrosion- resistant, nickel- and cobalt-based 
alloys). The emphasis on inorganic chemicals is 
a reflection of their ionic nature, hence ability to 
induce an electrochemical (corrosive) process. 
Uniform Corrosion in Hydrochloric Acid 

Hydrochloric is a reducing acid. It is extremely 
corrosive to most metals and alloys. As will be 
discussed, many nickel-based corrosion alloys 
(particularly those with high molybdenum 
contents) are able to withstand pure hydrochloric 
acid, within specific concentration and 
temperature ranges. Be aware, however, that the 
concentration and temperature dependencies can 
be strong with certain alloys, and that upset 
conditions in industry can result in significantly 
higher corrosion rates when these alloys are 
pushed close to their limits. Furthermore, some 
nickel alloys, notably those in the nickel-
molybdenum family, are negatively affected by 

the presence of oxidizing impurities (which can 
occur in “real world” solutions of hydrochloric 
acid). Industrial field trials are therefore 
important, prior to use. 
The alloys with the highest resistance to pure 
hydrochloric acid are those of the nickel-
molybdenum family, whose molybdenum 
contents are close to 30 wt. The corrosion rates 
of  alloy in pure, reagent-grade hydrochloric acid 
are shown in the figure below, as a function of 
concentration and temperature. Such charts 
(known as “Iso-Corrosion Diagrams”) will be 
used frequently in this manual, so some 
explanation is in order. 
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Fig-63 
These diagrams were constructed 
mathematically from numerous laboratory data 
points, and each one defines, for a given alloy 
and solution, the “very safe”, “moderately 
safe”, and “unsafe” concentration/temperature 
regimes. These correspond to the corrosion 
rate ranges 0 to 0.1 mm/y, 0.1 to 0.5 mm/y, 
and over 0.5 mm/y. For those more familiar 
with the traditional American units (mils per 
year, or mpy), 0.1 mm/y is equivalent to 4 
mpy, and 0.5 mm/y is equivalent to 20 mpy. It 
is noteworthy that, like all the materials in the 
nickel-molybdenum family, B-3® alloy is able 
to withstand pure hydrochloric acid at al
temperatures up to the boiling point curve, 
within the 0 to 20 wt.% concentration range. 
Tests of the type used to create these diagrams 
(involving unpressurized glass flask/condenser 
systems) are only accurate in hydrochloric acid 
up to a concentration of 20 wt.% (the 
azeotrope). At higher concentrations, hydrogen 
chloride gas can escape, resulting in 

                                                                                                                                        
                                                                                                               Research Gate is an academic social networking site

 

These diagrams were constructed 
mathematically from numerous laboratory data 

es, for a given alloy 
and solution, the “very safe”, “moderately 
safe”, and “unsafe” concentration/temperature 
regimes. These correspond to the corrosion 
rate ranges 0 to 0.1 mm/y, 0.1 to 0.5 mm/y, 
and over 0.5 mm/y. For those more familiar 

ional American units (mils per 
year, or mpy), 0.1 mm/y is equivalent to 4 
mpy, and 0.5 mm/y is equivalent to 20 mpy. It 
is noteworthy that, like all the materials in the 

alloy is able 
to withstand pure hydrochloric acid at all 
temperatures up to the boiling point curve, 
within the 0 to 20 wt.% concentration range. 
Tests of the type used to create these diagrams 
(involving unpressurized glass flask/condenser 
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azeotrope). At higher concentrations, hydrogen 
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concentration instability and the possibility of 
erroneous results. 
Below is a graph-65 illustrating
oxidizing impurities (ferric ions and c
ions) upon the performance of B
hydrochloric acid (in this case boiling 2.5% 
HCl). 

Fig-64 
The alloys with the next highest resistance to 
pure hydrochloric acid are those of the nickel
chromium-molybdenum family, whose 
molybdenum contents range from about 13 to 
22 wt.% (in some cases augmented by 
tungsten, which is half as effective as 
molybdenum on a wt.% basis). Which contains 
16 wt.% of both chromium and molybdenum, 
plus 4 wt.% tungsten. Its iso
diagram for pure hydrochloric acid is shown 
below. 
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Fig-65 
From the above diagram it is evident that the 
16 wt.% molybdenum alloys exhibit strong 
temperature dependencies, especially at lower 
concentrations. The importance of 
molybdenum in resisting pure hy
acid is illustrated in the next figure, which 
shows the corresponding iso
diagram for HASTELLOY®

BC1® alloy, a material which contains 22 wt.% 
molybdenum (and 15 wt.% chromium, but no 
tungsten). Note the much broader “very safe
and “moderately safe” regimes, and generally 
higher temperature capabilities. 
Two of the nickel-chromium alloys, namely 
625 and HASTELLOY® G-35® alloy, contain 
sufficient molybdenum to provide good 
resistance to hydrochloric acid. The nominal 
molybdenum content of 625 alloy is 9 wt.%; 
that of G-35® alloy is 8.1 wt.%. The chief 
differences between these two materials are 
the chromium contents (21.5 wt.% for 625 
alloy versus 33.2 wt.% for G-35®

the fact that G-35® alloy contains little else, 
whereas 625 alloy has deliberate iron (2.5 
wt.%) and niobium (3.6 wt.%, including any 
associated tantalum) additions. The 
corresponding iso-corrosion diagrams for 625 
and G-35® alloys are shown in the following 
two figures. The similarity of these two 
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ALLOY CONCENTRATION TEMPERATURE NOTE 

304/304L ≤ 60% Acid Boiling Point 

“L” grades refer to stabilised grades. 
They are used to prevent intergranular 

attack from HNO3 at weld joints 
(chromium depleted area due to carbide 

formation). 

17-4PH ≤ 25% Acid Boiling Point Low corrosion rate 

2205 ≤ 65% Acid Boiling Point Similar performance to 304/304L 

316 10% 90°C 
Can be used with 60%HNO3 + 2%HCl 

at 50°C - 122°C 

316L 65.30% Acid Boiling Point 
304/304L performs better due to an 

absence of Molybdenum 

C276 10% 90°C 
Can be used with 60%HNO3 + 2%HCl 
at 50°C - 122°C (performs better than 

316 under the same conditions) 

625 10% Acid Boiling Point 
High corrosion rate for mixed acid i.e. 

3%HF 

690 ≥ 70% ≤ 80°C 
Excellent for use with 10%-15%HNO3 

+ 3%HF and 20%HNO3 + 2%HF at 
60°C 

310 ≥ 70% Subject to Testing Low carbon grade (S31002) 

G30 10% Acid Boiling Point 
High corrosion rate for 60%-65% 

concentration and for mixed acid i.e. 1-
3%HF 

Titanium Gr 
2 & 7 

≤ 10% & 65%-90% Subject to Testing   

Aluminium 
Alloys e.g. 
A91100 & 

A95052 

≥ 80% Room Temperature   
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Aluminium 
Alloys e.g. 
A91100 & 

A95052 

≥ 93% ≤ 43°C   

Table-18 
 
 
 
 

Alloy Notes 
Concentr
ation, % 

Temperature Time 
Corrosion 

Rate 
Ref 

      C F   mm/yr 
mils/

yr   

17-4PH 
condition H 

1075 25 boiling 5x48hr 0.18 7 13 

17-4PH 
condition H 

1075 50 boiling 5x48hr 1.2 47 13 

17-4PH 
condition H 

1075 65 boiling 5x48hr 2.72 107 13 

17-4PH 
H 1075 + 1% 

HF 10 35 95 5x48hr 38 1500 13 

                  

2250 — 65 boiling 240hr 0.2 7.9 8 

2205 — 65.3 boiling — 0.13 5.3 9 

                  

304 — 65 116 241 — 0.23 9 1 

304L plus 3% HF 10 70 158 4fr 157 6410 1 

                  

316 plus 3% HF 5 68 155 — 4.18 165 1 

316 — 10 90 194 — 0.22 9 1 

316 plus 2% HCI 60 50 122 — 0.28 11 1 

316 A 262 C 65 boiling 24hr 0.872 34 1 

316L — 65.3 boiling — 0.25 9.8 9 

316L plus 3% HF 10 70 
15
8 4hr 64.6 2450 1 

                  

317L — 65.3 boiling — 0.21 8.3 9 

                  

310S plus 3% HF 10 70 
15
8 4hr 9.36 369 1 

                  

AL-6XN plus 3% HF 5 68 
15
5 — 1.55 61 1 

AL-6XN plus 3% HF 10 70 
15
8 4hr 2.56 101 1 
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AL-6XN A 262 C 65 boiling 24hr 0.738 29 1 

                  

800 plus 3% HF 10 70 
15
8 4hr 18.6 732 1 

20Cb-3 plus 3% HF 10 70 
15
8 4hr 7.65 301 1 

825 plus 3% HF 10 70 
15
8 4hr 3.02 119 1 

825 plus 1% HF 53 80 
17
6 336hr 5.1 200 12 

RA333 mill annealed 65 boiling 5x48hr 1.07 42 3 

RA333 
anneal + 1250 

1hr 65 boiling 5x48hr 3.96 156 3 

RA333 
anneal + 

1700F 1hr 65 boiling 5x48hr 0.292 11.5 3 

RA333 

anneal + 
1700F 1hr 
+1250 1hr 65 boiling 5x48hr 0.292 11.5 3 

                  

G-30 plus 1% HF 20 80 176 — 0.85 34 6 

G-30 plus 6% HF 20 80 176 — 3.6 140 6 

G-30 plus 1% HF 50 80 176 — 4.9 192 6 

G-30 plus 3% HF 10 70 158 4hr 1.04 41 1 

G-30 plus 3% HF 5 68 155 — 0.741 29 1 

G-30 — 10 boiling — 0.02 0.7 6 

G-30 — 60 boiling — 0.13 5.3 6 

                  

C-276 — 10 90 194 — <0.01 0.2 2 

C-276 plus 3% HF 10 70 158 4hr 6.71 264 1 

C-276 — 65 116 241 — 0.74 29 2 

C-276 plus 2% HCI 60 50 122 — 0.21 8.2 2 

                  

C-22 plus 3% HF 10 70 158 4hr 1.71 67 1 

                  

625 plus 3% HF 10 70 158 4hr 3.96 156 1 

625 — 65 boiling — 0.76 30 16 
Table-19 
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Conclusion 
Over the past two decades, the ammonia and 
urea industry have witnessed spectacular 
metallurgical developments for process 
equipment. For example, stainless steels, 
modified with special materials, can improve 
high-temperature creep rupture resistance. 
Using duplex stainless steels and modern 
corrosion abatement techniques are other 
methods that improve plant
performance.  
Large-scale fertilizer plants continue to be 
built worldwide to meet the growing fertilizer 
demand. A major factor contributin
achievement is the industry's success in 
combating corrosion. Adopting modern 
corrosion-abatement techniques and applying 
new generation/improved materials of 
construction effectively mitigate process 
corrosion factors. Materials science is 
an interdisciplinary field involving the 
properties of matter and its applications
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Materials science is 
terdisciplinary field involving the 

properties of matter and its applications to 

various areas of science and engineering. It 
includes elements of applied physics and 
chemistry, as well as chemical, mechanical, 
civil and electrical engineering.
science is also an important part of
engineering and failure analysis
investigating materials, products, structures or 
components, which fail or do not function as 
intended, causing personal injury or damage to 
property. Such investigations are key to 
understanding, for example, the causes of 
various aviation accidents and incidents.
issues arise over material selection and 
corrosion abatement in modern fertilizer 
plants. With developments of metallurgy, and 
usage of newer corrosio
techniques, it is possible to cost
and, more important, safely operate and 
maintain large-scale plants. Changes to the 
ammonia/urea processes have reduced harsh 
environments. New generation materials, such 
as, ceramics, are resistant to the rigors of 
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processing. Life-cycle analysis and costing are 
also gaining acceptability as the basis of 
material selection. 
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