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Scrubber material selection and fabrication challenges.
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Introduction

The life span of a marine scrubber system 
will depend significantly on the chosen 
material, its corrosion resistance and the 
manufacturing process performed. 

When using in-appropriate stainless steels 
or alloys, the composition of the exhaust 
gases may cause corrosion that leads to 
damages of the scrubber in a short period 
or to a complete failure of the system. 



Scrubber is one solution

Sea water scrubbers – Open loop scrubbers

Fresh water scrubbers – Closed loop scrubbers
For less salty environments: Lakes and e.g. Baltic Sea
Fresh water and sodium hydroxide (caustic soda)

Hybrid scrubbers –
Operates in both fresh and salt water environment



Open loop scrubber system



Closed loop scrubber system



Hybrid scrubber system



Scrubber industrial challenges

Scrubber Engineering design

Design

Steel producer with good material production track record (Approved 
manufacturer according to NORSOK M650/ ISO 17782..)

Choosing appropriate manufacturing partner
Experience in manufacturing of high alloy stainless products

Handling, rolling, cutting, welding, DT/ NDT, pickling..



Scrubber material challenges

The lower portions of the scrubber (especially the open loop-type) may have a high 
concentration of acid and chlorides. 

Scrubbers suitable for dry operation and wet scrubbers without a facility for 
bypassing exhaust gas when the wash-water system is not in operation, would 
experience higher operating temperatures and therefore this limits the materials 
selection to high temperature acid and chloride resisting alloys; typically nickel 
alloys. 

Above the lower portions of the scrubber unit a less corrosion resistant stainless 
steel is often used. 



Preventing corrosion issues
• Understanding of operational conditions, mild to severe conditions

• Temperature : 40 – 80℃ / 250 - 350 ℃
• pH of sea water = 7.5 – 8.4, 
• Alkalinity = ability to resist change in pH
• Chloride content : ≥ 20.000 ppm 
• Low pH ( 2–4) during some of the operation
• Addition of Sodiumhydroxide (NaOH) or not

Pitting corrosion Crevice corrosion



>10,5 % Cr
ÄPassiv layer
ÄCorrosion rate drops

Oxygen is necessary to maintain the 
passive film of
2-3 nm = 0.000002mm - 0.000000008”

Stainless steel



Corrosion of stainless steel

Uniform corrosion
Crevice corrosion
Stress corrosion
Fatigue corrosion
Intergranular corrosion
Galvanic corrosion
Atmospheric corrosion



Uniform corrosion
• Uniform corrosion of the whole surface
• Constant rate at constant conditions
• Resistant if less than 0.1mm/year
• Predictable 

a

a = thickness of 
corroded material



Pitting corrosion

Corrosion attack with a small 
opening and large cavity.

Passive surface

Small but fast growing and deep surface attack
Caused by chlorides (salt)
Improved resistance by addition of : Cr, Mo, N

Pitting on tubes



Crevice corrosion

Gasket
Corrosion 
attack

Crevice corrosion on a flange

Occurs in crevices and under deposits
Caused by chlorides on ’occluded’ surfaces. 
Same corrosion mechanism as in pitting but more aggressive.
Resistance increased by: Cr, Mo and N.



Important alloying elements

Chromium (Cr): Increasing content increases corrosion resistance
Promotes a ferritic structure

Nickel (Ni): Slows the corrosion in acidic environments
Promotes austenitic structure

Molybdenum (Mo): Increases strongly resistance against uniform corrosion
Ferritic promoter and increases risk of precipitates

Nitrogen (N): Very strong austenite former
Increases resistance against localized corrosion



Scrubber material selection
Steel Grade EN UNS Cr Ni Mo N Other PRE

CPT, °C (ASTM 

G150)

316L/ 4404 1.4404 S31603 17 10 2 24 20

316L/ 4432 1.4432 S31603 20 10,5 2,5 25 26

904L 1.4539 N08904 20 24 4,3 34 62
254SMO 1.4547 S31254 20 18 6,1 0,2 < 0,5 Cu 43 86
AL6XN 1.4529 N08926 20,5 24,5 6,3 0,2 0,2 Cu 45 >90

4565 1.4565 S34565 24 17 4,5 0,45 5,5 Mn 46 >90

654SMO 1.4552 S32654 24 22 7,3 0,5 3,5 Mn Cu 56 >90

22 Cr - 32205 1.4462 S32205 22 5,5 3 0,17 35 51
25Cr - 32750 1.4410 S32750 25 7 4 0,27 Cu 43 83
25Cr - 32760 1.4501 S32760 25 7 4 0,25 0,75 W Cu 42 83

Alloy 31 1.4562 N08031 27 31 6,5 0,2 1,3 Cu 52 >90
Alloy 59 2.4605 N06059 21 59 16 74 >90
Alloy 625 2.4856 N06625 22 62 8,5 3,5 Nb 52 >90

Alloy C - 276 2.4819 N10276 16 57 16 4 W 75 >90
PREn=Cr+3,3Mo+16N    PREw=Cr+3,3(Mo+0,5W)+16N   



Scrubber material selection

Steel Grade EN UNS Cr Ni Mo N Other PRE
CPT, °C (ASTM 

G150)

254SMO 1.4547 S31254 20 18 6,1 0,2 < 0,5 Cu 43 86
AL6XN 1.4529 N08926 20,5 24,5 6,3 0,2 0,2 Cu 45 >90
904L 1.4539 N08904 20 24 4,3 34 62
22 Cr - 32205 1.4462 S32205 22 5,5 3 0,17 35 51
25Cr - 32750 1.4410 S32750 25 7 4 0,27 Cu 43 83
25Cr - 32760 1.4501 S32760 25 7 4 0,25 0,75 W Cu 42 83
Alloy 31 1.4562 N08031 27 31 6,5 0,2 1,3 Cu 52 >90
Alloy 59 2.4605 N06059 21 59 16 74 >90

PREn=Cr+3,3Mo+16N    PREw=Cr+3,3(Mo+0,5W)+16N   





Field testing of materials



Non optimal conditions

Rolled SpatterWelding oxides Harsh grinding

Production issues



Challenges due to:

Special stainless steel means tougher demands - mistakes during fabrication are less 
forgiving and more expensive. 

The excellent properties of the base material must be joined with excellent welds.

An improper/incorrect welding procedure is the number 1 cause of failure among 
failure cases. 

Welding related problems often appear during use of the finished product, corrosion, 
fatigue, etc. 



Corrosion issues due to design:



Design to avoid deformation:

• Weld in the neutral axis
• Joint design important, not only for deformations but also corrosion
• Reduce volume of weld metal 



Welding :



Welding of high alloyed materials 

Generally in special stainless steel, e.g. 254SMO, duplexes and Ni- alloys
• Increased joint angle, +10 => 60 -70 , helps penetration 
• Shorter root land “nose”, C 
• Increased root gap, D, enables filler to reach the root 

•Before welding; remove oil, paint, oxides etc. at least 50 mm from the edges 



Visible issues due to weld defects:

Defects might facilitate the initiation of corrosion 
The corrosion occurs as localized corrosion 
Weld defects might affect the corrosion properties by:

Formation of crevices – undercut, ignition scars
Destroy the passive layer – slag inclusions, pores
Introduce contaminants – Low Melting Embrittlement



Non visible issues due to heat input:

Level of heat affect on the welded component is dependent on welding parameters 

High amount of heat input results in higher level of deformations, avoid to many beads 

High degree of clamping results in smaller deformations

Thinner materials are more sensitive to deformations and buckling 



General duplex welding guidelines
Preheating: Only drying

Filler metal
Always use filler metal. 
Filler metal usually over-alloyed in Ni.

Heat input (control of ferrite-austenite balance)
22Cr, UNS S32205: 0.5-3.0 kJ/mm
25Cr, UNS S32750: 0.5-1.5 kJ/mm

Shielding gas: 
Shielding gas: Ar (+ He,H2,N2)
Purging gas: Ar (+ N2)

Interpass temperature: 22Cr : T < 150°C ,  25Cr :  T < 100°C 
Post-weld heat treatment: No



Corrosion issues:
Duplex grades and ferrite content in weld metal

• The ferrite content can vary between
• 30% - 65% in the weld metal
• 50% - 95% in the HAZ

Result: great variation of corrosion resistance

• Fast cooling → higher ferrite level
• Slow cooling → risk of detrimental sigma phase



Challenges due to welding processes:

MIG spray arc – embedded surface slag 

MIG short arc – embedded surface slag, low spatter 

MAG spray arc – convex profile, some spatter 

Solution: Pulsed arc welding and a three component gas, for example Ar + 30% He + 2-3% CO2 



Corrosion issues due to:
• Welding conditions

• 22Cr / 25Cr duplex, 6Mo, various nickel alloys
• Correct welding heat input, interpass temperature, gas protection…

2 - Special Stainless Steel Grades for Forgings

Steel 
grade

Hot working 
temperature range 
°C (°F)

Heat treatment 
temperature min/range 
°C (°F)

4404
950-1250 1040

(1740-2280) (1900)

904L
1050-1300 1050-1150

(1920-2370) (1920-2100)

254 SMO®
1050-1300 1150

(1920-2370) (2100)

4550
950-1250 1050

(1740-2280) (1920)

4845
1050-1300 1040

(1920-2370) (1900)

2304
1050-1250 925-1050

(1920-2280) (1700-1920)

2205
1050-1250 1020-1100

(1920-2280) (1870-2010)

2507
1060-1280 1025-1120

(1940-2330) (1870-2050)

4501
1060-1280 1100-1140

(1940-2330) (2010-2085)

Recommended hot working and
heat treatment temperatures Table 2

Fig. 2. TTT – curve for the austenitic grades.
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Fig. 3. TTT curve for the duplex grades.
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Hot workability
Both high performance austenitic and duplex stainless steels have 
excellent hot forming properties. However, a uniform temperature 
within the hot working temperature range for the whole forging is 
important in order to avoid differences in ductility and cracking in 
the cooler areas.
 For the high performance austenitic grades, higher hot strength 
is expected compared to standard austenitic grades such as 
4404. In some cases the forging equipment can be the limiting 
parameter. Longer heating times are also expected due to the 
lower thermal conductivity. However, for the high Mo-grades too 
long heating times might lead to scaling.
 The duplex stainless steels might become soft at high temper-
atures. Therefore forging at too high a temperature might cause 
sagging and reduce structural stability.

Heat treatment
After a forging operation, a heat treatment (solution annealing) is 
recommended for both high performance austenitic and duplex 
stainless steels. Suitable temperatures for heat treatment of 
forged products are presented in Table 2. For duplex stainless 
steels the chemical composition is balanced to give approximately 
equal amounts of ferrite and austenite in the solution-annealed 
condition. Heat treatment at higher annealing temperature gives 
higher ferrite content.

High performance austenitic and duplex stainless steels are sens-
itive to erroneous heat treatment and quenching. It is important, 
therefore, that the whole heat treatment load is given enough 
time, at the recommended temperatures, to dissolve any detri-
mental phases. The heat treatment operation should be followed 
by quenching in a liquid media to below 260°C (500°F) to avoid 
reformation of these detrimental phases that can, in worst case 
result in decreased corrosion resistance and mechanical properties.
 The detrimental phases concerned are often sigma phase, 
nitrides and carbides. The formation of intermetallic phases such 
as sigma phase occurs in the temperature range 600-1000°C 
(1112-1832°F) and decomposition of ferrite occurs in the range 
350-500°C (662-932°F) (475°C embrittlement). In Figure 2 and 
3, the time and temperature for the formation of these phases 
are shown. The curves for the duplex grades (Figure 3) show the 
time and temperature where the impact toughness is reduced by 
50% and the curves for the austenitics (Figure 2) show the time 
and temperature where unacceptable amounts of grain boundary 
precipitations have formed.
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If duplex stainless steels are subject to slow cooling, as may occur 
in conjunction with welding with a very high heat input, or 
inappropriate heat treatment in the temperature range 
300 – 1000 °C (300 – 800 °C for the leaner duplex grades) 
microstructural changes, including precipitation of secondary 
phases and 475 °C embrittlement, can occur. This is illustrated in 
Figure 3 which includes typical microstructures after longer heat 
treatment times. The effect of holding times of 1, 10 or 30 
minutes at either 850 °C or 700 °C on pitting corrosion resistance 
is shown in Figure 4. This indicates that a slight drop in CPT occurs 
after only 1 minute at 850 °C for the standard duplex S32205 and 

the superduplex S32750, with an appreciable decrease occurring 
after 10 minutes at this temperature. Scatter bands have been 
omitted from the figure for clarity, but are detailed in [1]. The 
grades S32304 and S32101 are largely insensitive to heat 
treatment in this temperature range, because their leaner alloying 
concept means that they are remarkably resistant to precipitation 
of intermetallic phases. However, they do show some decrease in 
CPT as a result of holding times at 700 °C, where precipitation is 
dominated by nitrides and carbides which can form in the phase 
boundaries. 
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Figure 3  Precipitation kinetics for duplex grades evaluated as the conditions required to give a 50 % reduction in impact toughness, and microstructures illustrating 
intermetallic phases, predominantly sigma phase, and carbides/nitrides

Figure 4  Effect of holding time at 700 °C or 850 °C in decreasing the CPT compared to that of the base material. 700 °C is the more detrimental temperature  
for the lean grades S32101 and S32304 while 850 °C has a larger influence for the standards S32205 or the superduplex S32750
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• Weld oxide decreases corrosion resistance 
• Sufficient/appropriate shielding gas protection on the root side 
• Post weld cleaning often needed to restore corrosion resistance
• Oxides of high nickel alloys and heat tint in the area around welds 

adhere more strongly than on stainless steels.

Challenges when welding - oxides



Grinding and polishing

• Removes slag, oxides, chromium depleted layers and 
geometrical defects

• Smoothness depends on abrasive material and 
performance

• Coarse grinding causes decreased corrosion 
resistance

• Use only iron-free abrasive materials 

• Grinding spatter gives bad appearance and decreases 
the corrosion resistance



Lack of proper surface treatment/ protection



Surface issues

Bending

Welding 



Surface issues

Polishing

Scratching



Surface issues

The free iron particles must be removed immediately or else will they rust quickly and break 
the self healing ”passive film” on the stainless steel surface resulting in pitting corrosion. 



Corrosion resistance



Quality acheievement

• Pre production: WPS/ WPQR, with adequate requirements

• Production: Control/ verification of welding parameters. 

• QC system of fabricator shall be reviewed by metallurgist/ welding engineer. 

• Separate carbon steel and stainless steel in the workshop. 

• Ferrite verification of duplex production welds with Ferritescope.

• Control of NDT and pickling process.
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