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SYNOPSIS 
 

Selective corrosion of type 316L austenitic stainless steel welds during the 

production of organic acids resulted in losses in production due to unscheduled 

downtimes to perform repairs.  Estimated corrosion rates of type 316L filler material 

welds were an order of magnitude higher than that of the base material.  Alternative 

higher alloyed commercial filler materials were evaluated under actual production 

conditions.  The evaluated filler materials were types 316L, 317L, 309L, 309MoL, 2205, 

2507, 625, 825 and 904L.  The effect of nitrogen on the corrosion properties of type 

309L filler material was evaluated by manipulating the nitrogen concentration of the 

shielding gas during MIG welding.  These changes in nitrogen concentration did not 

influence the corrosion resistance of the type 309L filler material. 

No correlation could be established between the corrosion rates, analysed 

chemical composition of the product and operating temperature during production.  In 

almost all the cases where the chemical composition of the filler material was 

comparable with that of the base material the corrosion rates of the filler materials were 

higher than that base material.  

It might be expected that the ferrite phase with higher molybdenum and 

chromium should be more corrosion resistant while the austenite should be less 

resistant.  This was, however, not the case with the corrosion of type 309L filler material.  

It would thus appear that in this case nickel enrichment of the austenite phase had a 

larger influence on the corrosion resistance of the austenite phase than the chromium 

and molybdenum had on the corrosion resistance of the ferrite phase.  It appears that 

nickel and molybdenum had the largest contribution to the corrosion resistance of 

stainless steels welds under these operating conditions.  It is, however, believed that a 

certain minimum concentration of chromium is also required to provide corrosion 

resistance to these alloys in hot organic acid environments.   
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In contrast with the fact that a substantial alloying content is required to improve 

corrosion resistance of the filler material, the small difference in composition between 

ferrite and austenite phases, due to micro segregation, appeared to affect the corrosion 

resistance on micro scale.  This is illustrated by the micrographs, which show corrosion 

to etch out the dendrite structure.  Since the morphology of the austenite and ferrite 

phases is so similar, it could not always be conclusively established which one of the two 

phases corroded selectively.  

Analyses performed on the austenite and ferrite phases did not indicate a 

concentration difference within the phases itself.  However, there were significant 

differences in the concentration of elements between the phases, with the austenite 

stabilising elements reporting to the austenite phase and the ferrite stabilizing elements 

reporting to the ferrite phase, in line with thermodynamic predictions.   

In the case of the filler materials following the austenite mode of solidification, no 

significant concentration differences were detected within the matrix.  Although all highly 

alloyed high nickel alloyed filler materials (types 904L, 825 and 625) corroded at a lower 

rate than the type 316L base material, type 625 filler material was the filler material of 

choice due to the lack of any pitting of the weld.  Pitting was detected in both the 825 

and 904L filler materials.  Galvanic corrosion was not noted at any of the weld/HAZ 

interfaces and in no case did the type 316L parent metal adjacent to the weld corrode 

preferentially to the material further away from the weld.   

 

Keywords: 
Weld solidification, dendrites, segregation, weld corrosion, hot organic acid, 

formic acid, acetic acid, stainless steel, alloying. 

 
 
 



 5 

 

The effect of filler metal on the corrosion 

resistance of stainless steel weldments in a hot 

organic acid environment 

 

Table of contents 
 

1. Background. ............................................................................................................6 
1.1. Practical background: ..........................................................................................6 
1.2. Structure of stainless steel welds and the influence of partition of elements. .....13 
1.2.1. Influence of chromium (Cr).............................................................................13 
1.2.2. Influence of nickel (Ni). ..................................................................................14 
1.2.3. Influence of other alloying elements...............................................................17 
1.2.4. The four modes of solidification......................................................................22 
1.2.5. Segregation during cooling ............................................................................24 
2. Experimental procedure.........................................................................................26 
2.1. Sample preparation. ..........................................................................................26 
2.1.1. Commercial filler materials.............................................................................26 
2.1.2. Nitrogen manipulation in 309L filler material...................................................28 
2.1.3. Passivation. ...................................................................................................28 
2.1.4. Chemical analyses.........................................................................................29 
2.1.5. Exposure. ......................................................................................................29 
2.1.6. Evaluation. .....................................................................................................32 
2.1.6.1. Visual. ........................................................................................................32 
2.1.6.2. Scanning electron microscopy ...................................................................32 
2.1.6.3. Transmission electron microscopy .............................................................33 
3. Results and discussion. .........................................................................................36 
3.1. Steel compositions.............................................................................................36 
3.1.1. Chemical composition of filler materials .........................................................36 
3.1.2. Chemical composition manipulation using shielding gas. ...............................38 
3.1.3. Chemical segregation. ...................................................................................43 
3.1.3.1. Point analyses using EDS facility of SEM...................................................43 
3.1.3.2. Colour etching............................................................................................47 
3.1.3.3. TEM results................................................................................................54 
3.2. Exposure tests...................................................................................................62 
3.2.1. Visual and Stereo results. ..............................................................................62 
4. Discussion and conclusions.................................................................................119 
 

 
 
 



 6 

 

1. Background. 

1.1. Practical background: 
In the production unit where the tests were performed mixed organic acids are 

removed from reaction water by a reaction of the water with a solvent.  The 

complex formed between organic acid and solvent enables effective density 

separation between the acids and water.  The solvent-organic acid complex is 

then heat stripped in a subsequent column (column A).  This mixed acid mixture 

contains acetic acid (CH3COOH), propionic acid (CH3CH2COOH) and butyric 

acid (CH3CH2CH2COOH) and possibly small quantities of formic acid (HCOOH).  

These acids are separated from one another in distillation columns by making 

use of their relative boiling point.  In the first distillation column, column B, the 

heavier acids (C4 and C4+, that is, containing four or more carbon atoms in the 

compound) are separated from the lighter (C3 and C3-) acids.  The lighter acid 

mix is transported to column C where the propionic acid (CH3CH2COOH) is 

distilled out of the C3 and C3- acid mixture.  The lighter product (C2 and C2-) is 

then again pumped to column D where the final distillation is performed to 

produce high grade acetic acid (C2 acid). 

 

Type 316L austenitic stainless steel is regarded as a suitable alloy for the 

construction of equipment for the production of acetic and propionic acid. [1, 2]  

Published corrosion rates for type 316L material in acetic acid distillation 

environments range between <0.0025 mm/y and >1.25 mm/y under conditions 

ranging between 10% acetic acid to concentrated  acetic acid at temperatures 

ranging between 20°C to 212°C.[1]  Table 1 lists typical measured corrosion 

rates of austenitic NiCrMo stainless steels similar to type 316 and 317 stainless 

steels exposed to various formic-, acetic- and propionic acid environments at 

various temperatures[1].  Experience under plant conditions indicated that 

corrosion in organic acid media is expected to be predominately of an 

intergranular nature.  It is also further expected that the corrosiveness of the acid 

is highly dependent on the number of carbon atoms in the compound and that 

corrosiveness of these acids decreases as the chain length increases.[3] Of all 

the organic acids, formic acid is hence expected to be the most corrosive.[5] It is 
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further also expected that the corrosiveness of the organic acid will increase with 

temperature with the acids being the most corrosive near/at the relative boiling 

point of organic acid.  Impurities like chloride are known to increase the 

corrosion rate significantly.[1, 2, 21]  It was also reported that contamination by 

elements such as Cl- ions can have a significant influence on the passivation 

behaviour of type 316L austenitic stainless steel.[4]  The concentration of the 

organic acid may have a significant influence on the effect of such contaminants: 

steels in a medium containing 70 % of acetic acid experienced a step change in 

the corrosion potential with Cl- additions, but this change in the corrosion 

potential was not seen in solutions containing 90% acetic acid.[4] 

 

It has been reported that laboratory tests can be misleading.[5]  Testing can yield 

variable results depending on the behaviour of the test medium and interaction 

of this medium with the environment, whether being depleted or contaminated 

with air (oxygen).  The mode of corrosion in organic acids may vary from highly 

localised intergranular corrosion to severe general corrosion, pitting and crevice 

corrosion.  Organic acids are reducing acids, but contamination by air (oxygen), 

ferric and cupric irons might shift the redox potential to such a degree that the 

acid might become oxidising and the presence of small amounts of these 

elements might also improve passivation and overall corrosion resistance.[21]  It 

was also reported that warm organic acids can cause intergranular corrosion in 

the highly stressed heat affected zones [HAZ] of stainless steel weldments.[1]   
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Table 1:  Corrosion behaviour of type 316L stainless steel exposed to acetic environments 
at various concentrations and temperatures. [1] 
 

Material 

description  

Acetic 

acid 

% 

Temp 

°°°°C 

Corrosion 

rate 

mm/y 

Special conditions 

24 35 <0.0025 Storage test – 115 days 

98 35 <0.0025 Storage test – 157 days 

AISI 316 

19Cr, 12Ni, 

3Mo, 0.06C 99 Boiling 0.015 Operational tests – 11,12,21 days 

20 <0.1  10 – 

conc. Boiling <0.1  
CrNiMo 

18 8 
Conc. 200 <1.0 0.10 MPa 

50 102 <0.025 Without heat transfer (heat exchanger) 

50 110 <0.025 

50 125 <0.025 

50 140 <0.025 

With heat transfer (heat exchanger) 

99.6 118 <0.025 Without heat transfer (heat exchanger) 

99.6 110 <0.025 

99.6 125 0.33 

CrNiMo 

18 10 

99.6 140 0.25 

With heat transfer (heat exchanger) 
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Table 1:  Continued… 

Material 

description  

Acetic acid 

% 

Temp 

°°°°C 

Corrosion 

rate 

mm/y 

Special conditions 

10 – 50 100 <0.05 Air free 

60-100 100 <0.5 Air free, intergranular corrosion 

100 212 >1.25 Air free, stress corrosion cracking 

10-100 25 <0.05 

10-40 100 <0.05 

30 125 <0.5 

50-100 75 <0.5 

50 100 <0.5 

60-100 100 0.5-1.25 

30 212 >1.25 

40 212 >1.25 

Aerated, no HCl, H2SO4, NaCl 

30 100 <0.5 

100 100 <0.5 

Acetic acid vapour, intergranular 

corrosion 

99 120 0.075 
Acetic acid vapours operational test, 82 

days 

30 50 <0.05 

0 100 <0.05 

90 100 0.5-1.25 

90% acetic acid with acetaldehyde + 7% 

water 

AISI 316 

317 

100 100 0.03 
90% acetic acid with 7% acetaldehyde + 

2% water + 1% formic acid 

10 100 <0.05 

60 100 0.5-1.25 

100 79 <0.5 

100 100 0.5-1.25 

Acetic acid + formic acid 

56 100 0.0025 

56 104.6 0.0025 

Condensate of 6 parts 56% acetic acid 

and 1 part 90% formic acid 

AISI 316 

100 100 <0.5 
95% acetic acid + 5% propionic acid, 

stress corrosion cracking 
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Table 1:  Continued… 

Material 

description  

Acetic 

acid 

% 

Temp 

°°°°C 

Corrosion 

rate 

mm/y 

Special conditions 

25 104 0.025 
25% Acetic acid + 1.5% formic acid 

operational test 129 days 

25 104 0.0825 
25% Acetic acid + 4% formic acid 

operational test 129 days 

AISI 316 

(18Cr,10Ni, 

2Mo, 

0.07C) 
30-50 104 0.5 

30-50% Acetic acid + 2-10% formic acid 

operational test 129 days 

50 118 0.018 50% acetic acid + 2% formic acid 

25 110 0.08 25% acetic acid + 4% formic acid 

AISI 316 

(18Cr,13Ni, 

2Mo, 

0.07C) 
30 135 0.11 30% acetic acid + 8% formic acid 

 

Typical process conditions are indicated in the experimental procedure in 

chapter 2.1.5.  For the construction of the production plant only type 316L 

austenitic stainless steel material was used.  Experience with current production 

system indicates that the corrosion rate of un-welded plate varies between 0.06 

mm/y and 0.8mm/y depending on the temperature and concentration during the 

distillation process.  Measured corrosion rates of the original type 316L material, 

as determined with ultrasonic wall thickness measurements are indicated in 

table 4.   
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Table 2:  Actual measured corrosion rate [mm/y] as determined with ultrasonic wall 
thickness measurements, at different positions in the plant; see table 4 for 
solution compositions and temperatures. 

 

Measured corrosion rate [mm/y]  

A 

 

B 

 

C 

 

D 

 

E 

 

0.29 – 0.42 0.14 - 0.19 0.10 - 0.17 0.21 - 0.29 0.09 - 0.17 

F 

 

G 

 

H 

 

I 

 

J 

 

0.06 - 0.12 0.11 - 0.21 0.1-0.4 0.2-0.8 0.2-0.3 

 

This was not the case for welds.  Figure 1 shows a Scanning Electron 

Microscope (SEM) photograph of type 316L weld exposed to the organic acid 

environment for a period of approximately 5 years at temperatures exceeding 

125 °C.  The estimated corrosion rates of the filler material were an order of 

magnitude higher than that of the base material.  Some weld repairs were 

performed, but, eventually material loss during the distillation of acetic and 

propionic acid necessitated the replacement of two of the columns in the 

production plant.   

 

Figure 2 shows a comparative photograph of the type 316L base material 

exposed to the same conditions as that of the filler material.  Note the difference 

in corrosion characteristics between the filler and base material.  The 

fundamental causes why weld materials corrode at a different rate than the base 

material is not fully understood, but in carbon steel, it is believed that the 

complexity of the microstructure and the redistribution of sulphur and sulphur 

species has a influence on this.[6] Work performed by Otero[7] indicated that 

cavities produced during the production of type 304L and type 316L via powder 

metallurgy techniques might generate minute crevices enhancing the corrosion 

of these materials during the exposure to organic acids.  It is also believed by 

this researcher that the interdendritic nature of weld filler materials may also act 

in a similar way and that this can contribute to the differences in corrosion rates 
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observed between the weld metal and the base metal of material exposed to 

organic acid environments. 

 

 

Figure 1:  An SEM micrograph indicating the corrosion on the type 316L filler material at the end of 
the service life of the equipment. 
 

 

Figure 2 :  A comparative SEM photograph indicating the corrosion of the type 316L base material 
exposed under the same conditions as figure 1. 
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Plant experience has shown that corrosion of welds was mostly interdendritic, as 

indicated above in Figure 1.  Prolonged exposure of the welds resulted in 

preferential corrosion of the weld to such an extent that welds separated at the 

fusion line.  Observation of welds during periodic inspections suggest that the 

corrosion rate increases after some initial attack:  Welds which were inspected in 

one year appeared to be intact (though with a heavily etched surface), but were 

nearly completed corroded away at the next inspection. This may be related to 

corrosion attack along dendrites.  Upon initial solidification of the weld metal, 

dendrite growth is largely perpendicular to the fusion line.  As the weld pool 

moves away, the solidification direction further from the fusion line tends to 

follow the direction of welding, so that the cap solidifies with dendrite growth 

almost parallel to the welded plane.  This change in dendrite direction may 

contribute to more rapid attack as corrosion proceeds along to the dendrites. 

 

1.2. Structure of stainless steel welds and the influence of partition of 
elements. 
The major alloying elements in stainless steels are chromium and nickel.  It is 

thus of great importance to understand the effect that these alloying elements 

have on the phase balance and solidification nature of the welds; these are 

briefly reviewed below.   

 

1.2.1. Influence of chromium (Cr).  
A generally accepted definition of a stainless steel is steel containing 

more than 12% Cr.  Looking at the Fe-Cr phase diagram as published by 

Folkhard [8] (Figure 3, based on work performed by Kubaschewski [9]), it 

can be seen that the austenite phase (γ) is only stable up to 12 % Cr.  

This indicates that at Cr concentrations of more than 12% the austenite 

(γ) to ferrite (α) phase transformation is absent. It is known that primary 

ferrite precipitating from the melt is coarse. Thus, a common problem in 

ferritic stainless steels is unwanted mechanical properties of heat affected 

zone (HAZ) properties due to the lack of phase transformation during 

welding.[10]  Chromium promotes ferrite formation.[8]  At higher chromium 
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concentrations it can also contribute to the formation of an intermetalic 

sigma (σ) phase containing 45% Cr and 55% Fe.  This intermetalic phase 

is known to be very brittle below 600°C and can result in brittle failure of 

materials at room temperature.[8]  There are also reports that this might 

have negative effects on the corrosion properties due to the depletion of 

Cr in the vicinity of the σ phase.[8]   

 

 
Figure 3: Iron Chromium diagram as published by Folkhard. [8] 

 

1.2.2. Influence of nickel (Ni). 
Looking at the iron-nickel phase diagram as published by Folkhard [8] 

(Figure 4, based on work performed by Kubaschewski [9]), it can be 

concluded that nickel (Ni) has the opposite effect to chromium (Cr) on 

phase stability: Ni stabilises the austenite (γ) phase.  It can be also be 

seen that the ferrite region is suppressed, resulting in the lack of 

formation of primary and secondary ferrite at Ni concentrations higher 

than 5%. There is only a small region on this phase diagram where ferrite 

solidifies directly from the melt at temperatures between 1400°C and 
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1450°C.  This diagram also indicates that the transformation from primary 

ferrite (δ) to austenite (γ) is a peritectic phase transformation. 

 

 
Figure 4: Iron nickel phase diagram as published by Folkhard. [8] 

 
 

In the chromium-nickel phase diagram as published by Folkhard [8] 

(Figure 5) it is indicated that alloys with approximately equal amounts of 

Cr and Ni solidify eutectically.   

These binary phase diagrams do provide some insight into the 

solidification and high temperature phase relationships in ternary alloy 

iron-chromium-nickel alloys.  It is more difficult to depict the solidification 

of ternary melts; see Figure 6.[8]  Due to this difficulty numerous authors 
[8,17,19,24] have made use of pseudo binary phase diagrams.  Figure 7 

presents the pseudo binary diagrams for the iron-chromium-nickel system 

at 60% and 70% iron.[8]  Due to the additional alloying element, which 

generally imparts an additional degree of freedom to this system, invariant 

eutectic solidification as observed in the Cr-Ni binary (L→ α + γ) changes 

to the coexistence of the three phases (L + α + γ) over a temperature and 

composition range.  
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Figure 5: Chromium-nickel phase diagram as published by Folkhard. [8] 

 
   

 

Figure 6: Iron-chromium-nickel phase diagram. [8] 
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Figure 7:  Pseudo-binary sections through the Fe-Cr-Ni system at 70% and 60% Fe.[8] 

  

1.2.3. Influence of other alloying elements. 
Another alloying element that is used in certain stainless steels for its 

positive influence on the corrosion behaviour is molybdenum (Mo).[8]  

Depending on the type of alloy the Mo concentration may differ, but in the 

case of type 316 it is 2-3%.  Similar to Cr, Mo has a stabilising effect on 

the ferrite phase.  Carbon (C) is another alloying element that is always 

present in steel alloys.  The concentration of this alloying element is 

carefully controlled due to its influence on carbide precipitation.  Figure 8 

indicates the influence of both Mo and C on the phase stability of 

austenite.  From this diagram it can be seen that these elements have 

opposite influences on the stability of austenite.  With increasing C 

concentration, the austenite phase region is increased but with increasing 

Mo concentration the stability of the austenite phase region is decreased. 
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Figure 8:  Influence of Mo and C on the stability of the austenite. [8] 
 

In the recent past, much research has gone into the effect of nitrogen on 

the phase stability and corrosion properties of various stainless alloys.[8, 19]  

In contrast with its effect in low alloy steels, N can be a beneficial alloying 

element in stainless steel.[8] Cr and Mo are known to improve the N 

solubility in stainless steels. Worked performed by Kohl,[11] as referenced 

by Folkhard,[8] indicates that N solubility increases from 0.2% N in a 17% 

Cr-Ni alloy to 0.5% N in a 25% Cr-Ni alloy ingots. Nitrogen is a strong 

austenite stabiliser as indicated in Figure 9. 

 

 

Figure 9:  Influence of the addition of nitrogen on the austenite phase stability. [8] 
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Nitrogen is known to improve the pitting corrosion resistance of materials.  

Previous authors [22,12,13] have indicated that increasing the nitrogen 

content may also be beneficial for the general corrosion resistance of the 

material.  Work done by Schmidt-Rieder et al [22] indicated that there is an 

increase in the nitrogen content up to 5 atom %, 0 to 60 monolayers 

underneath the passive surface of a duplex stainless steel. Schmidt-

Rieder et al.[22] also indicated that the nitrogen increase was limited to the 

nobler austenite phase of the duplex material. Schmidt-Rieder et al.[22] 

concluded that nitrogen contributed to the enhanced corrosion resistance 

of the austenite phase of this duplex material. 

 

Work done by Du Toit and Pistorius[12] and Gruszczyk[13] indicated that the 

nitrogen content of the weld filler material can be manipulated by variating 

the nitrogen concentration in the shielding gas.  Using this as a basis, 

corrosion coupons were prepared, welding type 309L filler material on a 

type 316L base material and varying the nitrogen composition of the 

shielding gas.  This variation of the shielding gas was sufficient to 

produce welds with varying amounts of nitrogen in the deposited filler 

material. 

 

The arc takes up nitrogen during the welding process.  Factors that 

influence the amount of nitrogen taken up include the following: 

• The arc length during welding. 

• The alloying composition of the filler material. 

• The concentration of nitrogen in the shielding gas. 

 

One of the elements that have a major influence on the amount of 

nitrogen solubility in the weld pool is chromium.  The higher the chromium 

content in the filler material, the higher the solubility of nitrogen in the 

weld.  According to Folkhard[8], the solubility limit of nitrogen during 

solidification increases linearly from 0.20% N in austenite with a chrome 
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content of 18% to 0.50% for austenite with a chrome content of 26%.  

Above these nitrogen concentrations, porosity is normally visible.  This 

corresponded with the porosity seen in the 0.24% nitrogen sample.   

 

Nickel has a negative influence on the nitrogen solubility, but the effect of 

that is not as noticeable as seen with chromium. Nitrogen is a strong 

austenite stabiliser that also has a negative influence on the precipitation 

rate of precipitates in which nitrogen is not soluble.  Among these 

precipitates are M23C6, Chi and Laves phases.  On the other hand, M6C is 

a precipitate that does dissolve nitrogen in its matrix and formation of this 

precipitate is promoted by the presence of nitrogen. 

 

It can be concluded that certain elements have similar effects on the 

stability of ferrite and austenite.  This effect was thoroughly researched 

and documented by Schaeffler and Delong, and used to draw up 

diagrams which predict the structure after solidification.[14]  Development 

and use of duplex stainless steels indicated inaccurate delta ferrite 

predictions from these diagrams, and resulted in the development of the 

WRC-92 diagram as shown in Figure 10.[15] 
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Figure 10: WRC-92 diagram.[16] 
 

The latest WRC diagram plots the expected phases in welds after cooling 

to room temperature for different chemical compositions. For this purpose 

alloying elements are divided in two groups; elements that behave 

similarly to Cr in stabilising the ferrite phase and, elements that behave 

similarly to Ni in stabilising the austenite phase.[16]  The relative effects of 

the different elements are given in equations 1 and 2 (the Cr and Ni 

equivalents).  Previous authors [7,8,17] indicated that four different 

solidification modes are found, depending on the Creq:Nieq ratio of the 

steel, where the Creq and Nieq are calculated with equations 1 and 2.[17] 

  Creq = %Cr + %Mo + 1.5%Si + 0.5%Nb …………..1 

  Nieq = %Ni + 30%C + 0.5%Mn  …………..2 
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1.2.4. The four modes of solidification 
• The Austenite mode: [A-mode] 

The reaction sequence L → [ L+ γ ] → γ   

is limited to steels with Creq : Nieq < 1.25. [17] 

Figure 11a indicates the effect of this solidification mode on the 

microstructure.  In this mode, there is an absence of any other 

transformation reactions during cooling and the solidification structure is 

retained.  Due to the segregation during solidification, as indicated in 

Figure 12b, the cell/dendrite cores will be relatively low in the ferrite 

formers Cr, Mo, Si, Ti and Al, while being high in the austenite formers Ni, 

Mn, Cu, N and C. [18] Marshall et al. similarly indicated that there might be 

some segregation of Mo and Cr.[19] 

• The Austenite-Ferrite mode: [AF mode] 

The reaction sequence L → [ L+ γ ] → [ L+ γ + δ ] → [ γ + δ ]   

is limited to steels where 1.25 < Creq : Nieq < 1.48. [17] 

In this solidification mode, see Figure 11b, there will be some ferrite 

present interdendritically.  As indicated in Figure 12c, the interdendritical 

ferrite will be richer in ferrite stabilisers, like Cr and Mo. 

• The Ferrite-Austenite mode: [FA mode] 

The reaction sequence L → [ L+ δ ] → [ L + δ + γ ] → [ δ + γ ]  

is limited to steels where 1.48 < Creq : Nieq < 1.95.[17] 

In this solidification mode, see Figure 11c, there will be some 

untransformed ferrite present in dendrite cores.  The segregation in this 

mode (Figure 12d) will be different from the AF mode in the sense that the 

first material to solidify [cores] will be rich in ferrite stabilizers, and the 

interdendritical regions will be rich in austenite stabilizers.  According to 

Rajasekhar et al.[17] some of the liquid solidifies as ferrite, but as the 

sample cools down solid state transformation takes place, from ferrite to 

austenite, altering existing partitioning profiles.  In the end, this leads to a 

complex structure.   
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• The ferrite mode: [F mode] 

The reactions sequence L → [ L+ δ ] →  δ  → [ δ + γ ] 

Is limited to steel where Creq : Nieq > 1.95.[17] 

In this solidification mode (Figure 11d) Widmanstätten type austenite can 

be seen in the ferrite matrix.  The segregation will be similar to that for the 

FA mode (Figure 12a&c): the first material to solidify [cores] will be rich in 

ferrite stabilizers, and the interdendritical regions will be rich in austenite 

stabilizers.  According to Rajasekhar et al.[17] all of the liquid solidifies as 

ferrite, but as the sample cools down solid state transformation takes 

place, from ferrite to austenite, altering existing partitioning profiles.  In the 

end, this leads to a complex structure.    

 

 

 
Figure 11:  Difference in solidification structure because of compositional differences. [16] 
 
 

A B C D 
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Figure 12: Segregation of elements during solidification. [8] 
 
 

1.2.5. Segregation during cooling 
It is also believed that this partitioning of elements during solidification 

contributes to the inferior corrosion properties of welds.  It is known that 

sensitization and precipitation of intermetalic phases depletes the 

adjacent matrix of corrosion resistant Cr.[8]  This can result in intergranular 

corrosion and pitting of the depleted matrix.  It is believed that the 

partitioning of elements during solidification and subsequent cooling can 

have similar effects.   Due to the high cooling rates during welding, time 

for diffusion in the solid state is limited.  Therefore, much of the chemical 

partitioning which arises during solidification is frozen into the final 

microstructure.   

 

A way to capture and compare alloys in terms of their localised-corrosion 

properties is by way of the Pitting Resistance Equivalent Number (PREN). 

This is given by: 

 

PREN = Cr+3.3 (Mo+0.5 W)+16 N (wt%) 
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From this, it can be seen that alloying elements influence the localised 

corrosion of stainless steel, so local decreases in the concentrations of 

these elements (due to segregation) would have a detrimental effect on 

corrosion resistance.[20]  Kangas and Newman similarly indicated that 

nickel (Ni) and molybdenum (Mo) also have a significant influence on the 

passivation behaviour of alloys in organic acid service.[21]  This was also 

reported in work performed by Schillmoller.[5] 

 

Schmidt-Rieder et al.[22] indicated that N has a large effect on the stability 

of the passive film of the austenite phase in duplex stainless steels, 

adding to the superior corrosion properties of the austenite.  Raja et al.[23] 

also indicated that nitrogen can be used to manipulate the phase balance 

of alloys and their pitting resistance in certain environments. Nitrogen may 

also be expected to have an influence on the general corrosion resistance 

of stainless steels, but this is not supported by evaluations performed by 

Weber and Uggowitzer[24], who found that significant quantities of 

molybdenum are required for increased corrosion resistance.   
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2. Experimental procedure. 

2.1. Sample preparation. 

2.1.1. Commercial filler materials. 
The ultimate aim of the study was to identify the best suitable commercial 

weld filler to increase the service life of weld repairs for columns in 

organic acid distillation.  Plant experience has shown that a chemically 

matching filler material has lower corrosion resistance than the base 

material (parent metal).  To evaluate different filler materials, corrosion 

coupons were, therefore, prepared using commercial type 316L plate.  As 

indicated above, literature indicated that an increase in Mo, Cr and Ni 

could have beneficial effects on the corrosion resistance of alloys in an 

organic acid environment.  Commercial filler materials with higher alloying 

contents of these elements were therefore selected to be evaluated under 

production conditions.  The commercial filler materials which were used 

are listed in Table 3.  Field conditions would be repairs to fillet and butt 

welds and might consist of only a single bead repair in some cases.  To 

simulate this, the plate was therefore grooved using a 5mm cutting disk to 

generate a square groove approximately 5mm wide by 5mm deep.  

During welding in this groove the square section of the preparation was 

melted resulting in a slightly higher dilution of the filler than would be 

expected from a normal bead on plate.  This was done to simulate the 

worst-case scenario where only single beads of weld overlay are 

deposited on corroded field welds.  Using the different commercial filler 

materials, as listed in Table 3, single bead strips were welded on the plate 

with a SMAW process.  Cross sections indicated a typical welding profile, 

protruding slightly less than what would be expected from a bead on plate 

weld. Spectrographic chemical analyses were performed on the filler 

materials to determine their chemical composition.  Due to dilution during 

welding, the chemical composition of the welds did not always fall within 

the specified chemical composition of the filler materials.       
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Table 3:  Typical nominal chemical composition in mass percentage of commercial filler 
materials used for this evaluation.  

 

Elements [w%] 
Filler material type 

Cr Ni Mo C Si Mn 

625 

(ENiCrMo3) 
20.0 55.0 8.0 0.05 0.75 1.0 

825 

(ENiCr28Mo) 
27.0 31.0 3.5 0.025 0.80 1.0 

904L 

(E 20.25.5LCuR2) 
20.0 25.0 5.0 0.030 0.5 1.0 

316L 

(E316L) 
18.0 12.0 2.8 0.03 0.7 1.0 

317L 

(E317L) 
19.0 13.0 3.7 0.03 0.7 0.7 

309L 

(E309L) 
23.0 13.0 - 0.03 0.8 0.8 

309MoL 

(E309MoL) 
23.0 13.0 2.7 0.03 0.7 0.7 

2205 

(E2209) 
22.0 9.0 3.0 0.03 0.8 0.8 

2507 

(SANDVIK 25.10.4LR)  
25.0 9.5 4.0 0.03 0.5 0.7 
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2.1.2. Nitrogen manipulation in 309L filler material. 
To test the influence of nitrogen on the corrosion properties of the filler 

material, the nitrogen concentration of the filler material was manipulated 

using shielding gas with different nitrogen concentrations.  Four bead on 

plate welds using 1.2mm type 309L filler material were welded using 

GMAW.  By varying the nitrogen content of the argon shielding gas, it was 

possible to manipulate the nitrogen content of the welds.  One noticeable 

effect of the higher nitrogen content of the shielding gas was the 

deterioration of the arc stability with higher nitrogen content in the 

shielding gas.  The wire feed rate and travel speed were kept constant 

during the tests.  More detail of these results is given in paragraph 3.1.2. 

 

2.1.3. Passivation. 
It is a normal recommended practice to pickle and passivate all stainless 

steel welds. This was also done for all welds tested under these 

conditions.  A commercial pickling and passivation solution was used on 

all samples prior to installation in the columns.  However, to test the effect 

of passivation on the corrosion rate in this environment, commercial 

corrosion coupons were selected for testing.  The samples were split into 

two groups.  Both sets of samples were ground to a 220 grit finish with 

silicon carbide paper. One group was passivated under lab conditions 

with a 30 % nitric acid solution, while the other group was not passivated.  

Both sets of samples were welded.  Examination of the samples after 

subsequent corrosion exposure indicated that passivation did not 

significantly contribute to the corrosion properties of stainless steels in 

these environments. This is possibly due to the fact that considerable time 

elapsed between the time of sample preparation and exposure to 

operating conditions allowing passivation to take place in atmosphere.  

The effects of the removal (or not) of high temperature oxide by pickling 

were not evaluated, however. 
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2.1.4. Chemical analyses. 
To determine the chemical composition of the filler materials after 

welding, samples were subjected to spectrographic chemical analyses by 

a certified commercial laboratory.  Nitrogen concentrations were 

determined by inert gas fusion analysis from drillings taken from the filler 

material.  

 

The chemical composition of the operating medium was determined by 

standard plant procedures using standard plant techniques conforming to 

international standards. 

 

2.1.5. Exposure. 
Samples were installed in production columns and tested under 

production conditions.  Figure 13 indicates a typical coupon as inserted 

within a production column.  For the purpose of this study the production 

system was divided into 10 subsystems, numbered A to J.  Typical 

chemical compositions of the operating medium in the different sub-

systems are listed in Table 4.  Table 5 lists the typical operating 

temperature at the various points where coupons were inserted. Exposure 

times depended on production runs.  The exposure times ranged between 

120 to 214 days.  Samples were used in an as-welded condition and no 

additional surface preparation was performed, except in the cases where 

the influence of passivation was evaluated.  All samples were pickled and 

passivated before exposure.  

 

For these mediums, electrochemical tests could not be conducted since 

the mediums, being organic, have a very low electrical conductivity, 

making electrochemical corrosion testing difficult.  Due to the possible 

influence that elements commonly used to increase the conductivity of 

media, such as Br- and Cl- , could have on the corrosion reactions, 

addition of these as a background electrolyte could not be used.  In 

addition, during some trial potentiodynamic measurements "masking" 

redox reactions were identified, with higher current densities that the 

actual corrosion reactions.  These were presumed to originate from 

 
 
 



 30 

oxidation of the organic components in the electrolyte, and precluded 

electrochemical quantification of the rates of the corrosion reactions.  

Also, given that the attack is localised (and generally concentrated on 

specific phases in the weldments), the average electrochemical behaviour 

– even if this were measurable – would have been of limited use in any 

case.   

 

 
Figure 13:  A photograph indicating a typical coupon as inserted within a production column. 

100 mm 

300mm 
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Table 4:   Typical chemical composition of the operating medium to which samples were 
exposed. 

 

Exposed Condition  

Composition mass% 
Component 

A 

 

B 

 

C 

 

D 

 

E 

 

F 

 

G 

 

H 

 

I 

 

J 

 

Acetic acid 37-41 <0.1 37-41 54-60 <0.1 54-60 99.96 99.98 99.96 99.68 

Propionic 

acid 
29-32 2-4 29-32 41-45 99.9 41-45 <0.1 <0.1 <0.1 <0.1 

Isobutanoic 

acid 
4-6 13-16 4-6 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

Butanoic 

acid 
13-15 40-44 13-15 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

Isopentanoic 

acid 
2-4 8-11 2-4 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

Pentanoic 

acid 
3-5 12-15 3-5 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

 

 

Table 5:   Typical operating temperatures to which samples were exposed. 
 

Exposed Temperature °°°°C 

A 

 

B 

 

C 

 

D 

 

E 

 

F 

 

G 

 

H 

 

I 

 

J 

 

140-142 178-180 124-126 118-120 155-157 153-155 110-112 129-131 125-127 85-87 
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2.1.6. Evaluation. 

2.1.6.1. Visual. 
After exposure all samples were evaluated visually for any 

inconsistencies, pitting and galvanic corrosion.  Polished cross 

sections of the exposed samples were also prepared and 

comparisons drawn between relative corrosion rates of the filler 

material vs. the corrosion rate observed on the base material at 

the toe of the welds.  More detail of this evaluation is given in 

paragraph 3.2.1. 

 

2.1.6.2. Scanning electron microscopy 
All exposed samples were also evaluated using a JEOL JSM-

6360LV scanning electron microscope (SEM).  The exposed 

surfaces were evaluated in terms of corrosion characteristics.  

Cross sections of the samples were also evaluated for selective 

(e.g. interdendritic) corrosion.  Using the EDS (Energy-dispersive 

X-ray spectroscopy) facility of the SEM surface analyses of the 

corroded surfaces were performed.  Attempts were also made to 

evaluate the chemical compositions of the phases present.  

Depending on the acceleration voltage and atomic number of the 

sample, the interaction volume – from which characteristic X-rays 

(as used for EDS) are emitted - extends to 1-6 µm below the 

surface of the sample, as indicated in Figure 14.  Given that the 

phases in the weld microstructure were often finer than this, 

accurate phase compositions could not be obtained by this 

method and transmission electron microscopy (TEM) was used for 

microanalysis of the phases. 
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Figure 14: Schematic representation of the interaction volume during EDS analysis 

 
 

2.1.6.3. Transmission electron microscopy 
To determine the extent of chemical segregation within weld 

metal, the EDS facility of the TEM was used.  Samples were 

removed from the caps of three unexposed filler materials.  These 

were machined down to 3mm rod sections after which disks were 

sectioned from these rods.  These disks were mechanically 

thinned to about 100 microns and then subjected to chemical 

polishing up to a point where a hole was polished through the 

sample.  The aim was to create sections of filler material around 

the hole that are electron transparent.  

 

Using selected-area diffraction patterns, it was possible to identify 

the phases which were analysed by EDS.  As examples, Figure 15 

and Figure 16 show [110] diffraction patterns of ferrite and 

austenite.    

 

In determining the chemical composition of thin samples with the 

EDS function of the TEM, the Zaluzec [25] correction factor is used.   

 

1 – 6 µm penetration 

Excitation volume 

EDS detector 

X-Rays 

Electron beam 
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The Zaluzec correction factor is given as: 

 

IA = εAkANCAηAtA 

Where: 

IA  = measured intensity 

εA = detection efficiency 

kA = constant for element A (a function of the ionisation 

 cross section, fluorescence and atomic weight) 

N = Avogadro’s constant 

CA = Concentration of A 

ηA = number of electrons 

tA = thickness 

 

From this, it can be seen that one of the factors effecting the 

concentration measurement of elements is the thickness of the 

sample, but this is not easily determined.  Chemical analyses were 

hence performed at positions which were a constant distance from 

the edge of the hole.  This yielded analyses that were comparable.  

Because thickness measurements were not performed, the 

absolute chemical composition is not accurate, but comparative 

results were obtained.  By the nature of the EDX analysis, the 

nitrogen concentrations could not be determined. 
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Figure 15:  A [110] electron diffraction pattern of austenite (face centred cubic). 

 

 
 

Figure 16:  A [110] electron diffraction pattern of ferrite (body centred cubic). 
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3. Results and discussion. 

3.1. Steel compositions 

3.1.1. Chemical composition of filler materials 
The filler materials varied in Cr, Ni, and Mo concentrations, among others.  

These elements are known to have the largest influence on the corrosion 

resistance of stainless steel alloys.  Spectrographical chemical analyses 

were performed on all the deposited filler materials used in the test.  To 

be able to perform the chemical analyses, a 3-5mm section of the weld 

bead cap was removed by milling.  This provided a large enough surface 

to be able to perform the spectrographic analyses on the filler materials.  

The results of the chemical analyses are reported in Table 6.  From 

comparison with the nominal filler compositions (Table 7) it can be seen 

that a certain amount of dilution occurred during welding.  The chemical 

compositions that fell outside the specified range of the filler materials are 

indicated in bold in this table. 
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Table 6:  Chemical compositions of the as-deposited weld beads for different 

fillers. 

  

Elements Filler 

material Cr Ni Mo C Si Mn 
Creq Nieq 

Creq 

Nieq 

Type 625 19.03 39.78 5.71 0.022 0.33 1.07 25.24 40.98 0.6 

Type 825 25.14 26.76 2.94 0.036 0.40 1.70 28.68 28.69 1.0 

Type 904L 19.31 20.62 4.02 0.025 0.31 2.49 23.80 22.62 1.1 

Type 316L 18.27 11.66 2.27 0.031 0.66 0.81 21.53 13.00 1.7 

Type 317L 18.04 11.74 2.87 0.025 0.59 0.81 21.80 12.90 1.7 

Type 309L 21.11 11.64 0.96 0.034 0.63 0.94 23.02 13.13 1.8 

Type 309MoL  20.41 11.95 2.24 0.021 0.62 0.83 23.58 13.00 1.8 

SAF 2205 20.91 9.62 2.90 0.027 0.55 1.05 24.64 10.96 2.2 

SAF 2507 22.97 10.30 3.21 0.042 0.48 0.86 26.90 11.99 2.2 

Base 

material 
18.20 11.90 1.97 0.015 0.44 1.52 20.83 13.11 1.6 

 

 

Table 7:  Comparison of weld bead compositions (data of Table 6; listed as 
“Actual”) with filler specifications. 

  

Cr Ni Mo 
Filler material 

Specified  Actual  Specified Actual Specified Actual 

Type 625 20.0-23.0 19.030 
55 min 

typical 64  
39.780 8.0-10.0 5.710 

Type 825 27.0-31.0 25.140 35.0-40.0 26.760 2.5-4.5 2.940 

Type 904L 19.5-21.5 19.310 24.0-26.0 20.620 4.2-5.2 4.020 

Type 316L 17.0-20.0 18.270 11.0-14.0 11.660 2.0-3.0 2.270 

Type 317L 18.0-21.0 18.040 12.0-14.0 11.740 3.0-4.0 2.870 

Type 309L 22.0-25.0 21.110 12.0-14.0 11.640 0.75 max 0.960 

Type 309MoL 22.0-25.0 20.410 12.0-14.0 11.950 2.0-3.0 2.240 

SAF 2205 21.5-23.5 20.910 8.5-10.5 9.620 2.5-3.5 2.900 

SAF 2507 24.0-27.0 22.970 6.5-8.5 10.30 2.9-3.9 3.210 
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3.1.2. Chemical composition manipulation using shielding gas. 
 

Table 8 indicates the parameters used during welding and the effect of 

these on the nitrogen concentration of the weldment.  Shielding gases 

were not additionally analysed and their compositions were assumed to 

be accurate as per purchased specifications from a reputable local 

supplier.  These results are presented graphically in Figure 18.  The 

nitrogen concentration in the shielding gas was manipulated by adjusting 

the flow of commercially prepared gas from gas cylinders into a common 

header.  Arc voltage was read from the meters on the welding power 

supply while current was measured using a clamp meter.  Travel speed 

was controlled by variable speed trolley on which the welding head of the 

MIG machine was mounted.  The speed of the trolley was determined by 

measuring the time it travelled over a set distance.   

 

It is a commonly accepted fact, as indicated in the pitting resistance 

equivalent calculation, that nitrogen has a strong influence on the pitting 

resistance of stainless steels.  However, there is no corresponding effect 

of nitrogen on active dissolution kinetics, except in highly concentrated 

hydrochloric acid (3-4M).[26]  The influence of the nitrogen concentration 

on the corrosion resistance of type 309L filler materials is illustrated 

graphically in Figure 18.  From this graph it is clear that the increase in 

the nitrogen concentration in the filler material did not have a significant 

effect on the corrosion resistance of the 309L filler material in this case. 

 

The relative corrosion rate evaluation was performed as indicated below 

in Figure 17. Distance (a) represents the corrosion of the filler material 

during the exposed period and (b) represents the corrosion of the parent 

metal during the exposed period.  Distance (c) represents the difference 

between these relative corrosion losses (a-b) and was physically 

detectable and measurable during the evaluation of the samples after 

exposure.   
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Filler material corrosion 

a 

Parent material corrosion 

b 
c 

Difference between filler 
material and parent material 
corrosion corrosion. 

 

 

 

 

 

 

Figure 17: Schematic representation to illustrate the effect of the different 
corrosion rates between the weld and the base material and how this 
difference was interpreted during this study. 

 

Table 8:  Variation in chemical composition of the welds with variation in 

the shielding gas. 

Weld nr. 

Nitrogen 

in shield 

gas  

[vol. %] 

Arc 

potential 

[V] 

Arc 

current 

[A] 

Travel 

speed 

[mm/s] 

Heat input 

[kJ/mm] 

Nitrogen 

in weld 

[mass %] 

1 25 30 130 4.45 0.9 0.230 

2 10 28 165 4.45 1.0 0.160 

3 5 30 165 4.45 1.1 0.110 

4 1 27 170 4.45 1.0 0.078 

 

 
 
 



 40 

0.230

0.160

0.110

0.078

0.000

0.050

0.100

0.150

0.200

0.250

0 5 10 15 20 25 30

%N2 in Shield gas

%
N

 in
 W

el
d

70.0

80.0

90.0

100.0

110.0

120.0

D
iff

er
en

ce
 in

 c
or

ro
si

on
 ra

te
 

of
 th

e 
w

el
d 

co
m

pa
re

d 
to

 
th

e 
ba

se
 m

at
er

ia
l

[u
m

]

 

Figure 18 :  A graphical representation of the results of the variation of the 
nitrogen concentration in the shielding gas on the nitrogen 
concentration of the filler material and the corrosion resistance of 
the filler materials in organic acid media. 

 
Results of the microstructural evaluation of the filler material are 

presented in Figure 19 to Figure 22.  In these figures the influence of 

nitrogen as an austenite stabiliser is clearly visible.  The absence of delta 

ferrite is visible in Figure 19 and Figure 20 (in which cases the nitrogen 

content was above 0.16 wt%).  Microstructural evaluation of the dendritic 

nature also indicated that the solidification mode of these fillers differed 

from type 309L fillers with lower N concentrations and most probably 

followed the austenite mode of solidification.  During this mode of 

solidification there is a risk of hot cracking due to the low solubility of S in 

the austenite matrix,[15] but no effect of this was observed during the 

evaluation.  Evaluation of the sample containing 0.24% nitrogen in the 

filler material also revealed some porosity in the weld, suggesting that this 

is the limiting solubility of nitrogen under these conditions in type 309L 

filler materials.   
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[Oxalic acid] 

Figure 19:  A photomicrograph showing the dendritic nature of the weld filler material 
containing 0.24% nitrogen. Note the lack of any delta ferrite in the filler 
material. 

 

 
[Oxalic acid] 

Figure 20: A photomicrograph showing the dendritic nature of the weld filler material 
containing 0.16% nitrogen in the weld. Again, note the lack of any delta ferrite 
in the filler material. 
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[Oxalic acid] 

Figure 21:  A photomicrograph showing the dendritic nature of the weld filler material 
containing 0.11% nitrogen in the weld.  Note the presence a limited amount of 
dark-etching delta ferrite in the filler material. 

 

 
[Oxalic acid] 

Figure 22: A photomicrograph showing the dendritic nature of the weld filler material 
containing 0.078% nitrogen in the weld.  Note the presence of dark-etching 
delta ferrite in the filler material, typical of P8 filler materials. 
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One noticeable effect of the higher nitrogen content of the shielding gas is 

the deterioration of the arc stability with higher nitrogen content in the 

shielding gas.  The wire feed rate and travel speed were kept constant 

during the tests.  From the results (Table 8) it can be seen that the arc 

current for the high nitrogen shielding gas was much lower than that for 

the lower nitrogen shielding gases.  This is most probably due to the high 

ionisation energy that is required for the higher nitrogen shielding gases 

which contained less argon. 

 

3.1.3. Chemical segregation. 

3.1.3.1. Point analyses using EDS facility of SEM. 
To determine whether the segregation in the filler material was 

measurable, point analyses were conducted on a cross section of 

the 625 weld near the surface of the weld.  The analyses were 

performed at a very high magnification (100 000 x) at an 

acceleration voltage of 20kV (interaction volume approximately 

1µm in diameter).  The position analysed was moved by moving 

the sample 1 µm at a time through a distance of 30µm.  This gave 

a point-by-point analysis of the filler material over a distance of 

30µm.  The graphical representation of the results of the analyses 

is given in Figure 23. 
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Figure 23:  Graphical representation of the point by point microanalyses across the 625 

filler material. 
 

From the results of the point-by-point analyses of the cross section 

of the weld, it can be seen that only small fluctuations in chemical 

compositions were detected, not necessarily corresponding with 

phases visually identified.   

Cross sections of various filler material samples were also 

evaluated in the SEM.  Mapping was done by measuring the 

characteristic X-ray counts of different pre-selected elements at 

different positions.  A 2000x magnification was selected with a 

resolution of 256x256 pixels. This gave the physical size of a pixel 

close to the minimum of 1µm.  A dwell time of 10 seconds per 

pixel was chosen to allow acceptable results in an achievable 

timeframe. Although different phases were detectable using 

backscattered electron imaging mode of the SEM, only limited 

chemical composition variations were found when using element 

mapping function.  The findings of the mapping done are 

summarised below; note that the mapping gave only qualitative 

results: 
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Type 316L filler. 

Definition between delta ferrite and austenite visible on 

backscattered electron images. 

Limited segregation visible, some segregation noticed in Cr, Ni, 

and Mo during mapping.   

Type 317L filler. 

Definition between delta ferrite and austenite visible on 

backscattered electron images. 

Limited segregation visible, some segregation noticed in Cr, Ni, 

and Mo. 

Type 309L filler. 

Clear differentiation between the delta ferrite and austenite phases 

in backscatter mode. 

Cr – some segregation visible.  

Ni – Clear indication of Ni depletion in the ferrite phase. 

No other clear indications visible. 

Type 309MoL filler material. 

Indication of the different phases not as clear as the previous filler 

materials. 

Cr – Some indication of segregation visible. 

Ni – Some indication of segregation visible. 

Mo - Some indication of segregation visible, but less than for Cr 

and Ni. 
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Type 904L filler 

Limited contrast with backscattered electron imaging. 

Cr – Some indication of segregation visible. 

Ni – Some indication of segregation visible. 

Mo - Some indication of segregation visible, more than that for Cr 

and Ni. 

Type 2205 filler 

No clear indication of the different phases with backscattered 

electron imaging. 

No clear indication of element segregation of elements visible. 

Type 2507 filler 

Cr – Some indication of segregation visible. 

Ni – Some indication of segregation visible – more than with Cr. 

Mo - No other clear indications visible. 

Type 625 filler 

This filler showed the most segregation of all the fillers evaluated, 

with clear indications of compositional differences with 

backscattered electron imaging. 

Cr – Some indication of segregation visible. 

Ni – Some indication of segregation visible. 

Mo – Clear indications of segregation visible. 

Fe – Clear indications of segregation visible. 
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Type 825 filler 

This filler showed more chemical segregation than most fillers 

evaluated, but not as much as 625. 

Cr – Some indication of segregation visible. 

Ni – Some indication of segregation visible. 

Mo – Clear indications of segregation visible. 

Fe – Clear indications of segregation visible. 

 

3.1.3.2. Colour etching. 
 

As mentioned previously, four modes of solidification can be 

expected, depending on the Creq/Nieq ratio 

• The Austenite mode: [A-mode] 

The sequence L → [ L+ γ ] → γ   

is limited to steels with Creq/Nieq < 1.25.[17] 

In this mode, there is an absence of any other transformation 

reactions during cooling and the solidification structure is retained.  

Due to the segregation during solidification, the cell/dendrite cores 

will be relatively low in Cr, Mo, Si, Ti and Al, while being high in Ni, 

Mn, Cu, N and C.[18, 19].   

Considering the Creq/Nieq ratio, as indicated in Table 6, 625, 825 

and the 904L fillers should follow the austenite mode of 

solidification.  Figure 24 to Figure 26 show photomicrographs of 

the 625, 825 and 904L filler materials.  In these photomicrographs, 

a three-step colour etching technique was employed to distinguish 

between the different phases present in the weld matrix.  The 

specimens were initially etched using a Glyceregia solution 

consisting of 30 parts HCl, 20 parts glycerin, and 10 parts HNO3.  

In some cases, where effective etching was not achieved, glycerin 

was replaced with water.  The initial etch preferentially attacked 
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the ferrite phase.  This was followed by an electrolytic etch using 

10% oxalic acid, exposing the grain boundaries, followed by tinting 

with Murakami’s reagent. 

This technique was used by Nelson et al.[18] to distinguish between 

austenite and ferrite in duplex stainless steel weldments.  In this 

paper, he indicated that the ferrite phase (“high” Creq, “low” Nieq) 

was coloured blue, while the austenite phase (“low” Creq, “high” 

Nieq) remained white.  He was also able to distinguish between 

“high” Creq and “low” Creq phases, colouring blue and yellow 

respectively.   

Figure 24 to Figure 26 show photomicrographs of the 625, 825 

and 904L filler materials after this etching technique, indicating 

that the dendrite cores of the type 625 filler material discoloured 

blue while the matrix displayed a brownish tint.  This effect is not 

as clearly visible in the 825 and 904 filler materials as in the 625 

filler material. 

The discoloration of the 625 filler dendrite cores is opposite to the 

expected results, since it was indicated in the work done by 

Nelson [18] that the Cr rich phase is expected to colour blue.  In this 

case the dendrite cores, which (based on the solidification path) 

are expected to be Ni-rich, coloured blue.  This could be due to 

the fact that the tinting is based on local anodic and cathodic sites.  

The original work was performed on duplex grades which were 

relatively low in Ni compared to type 625 fillers, and hence the 

tinting effect may not be the same in the all-austenitic material. 

• The austenite-ferrite mode: [AF mode] 

The sequence L → [ L+ γ ] → [ L+ γ + δ ] → [ γ + δ ]   

is limited to 1.25 < Creq/Nieq < 1.48.[17] 

In this solidification mode, there will be some ferrite present 

interdendritically.  Again, due to the primary phase being 

austenite, the dendrite cores will be rich in austenite stabilisers 
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(Ni, N and Mn), while the interdendritic ferrite will be richer in 

ferrite stabilisers (Cr and Mo). 

This mode of solidification was not found in any of the 

compositions included in this study. 

• The ferrite-austenite mode: [FA mode] 

The sequence L → [ L+ δ ] → [ L + δ + γ ] → [ δ + γ ]  

is found for steels with 1.48 < Creq/Nieq < 1.95 [17] 

In this solidification mode, there will be some untransformed ferrite 

present in dendrite centres.  The segregation in this mode will be 

different from the AF mode in the sense that the first material to 

solidify [dendrite cores] will be rich in ferrite stabilizers, and the 

interdendritic regions will be rich in austenite stabilizers.   

Considering the Creq/Nieq ratio, as indicated in Table 6, 316L, 

317L, 309L and 309Mo fillers should follow this mode of 

solidification.  Figure 27 to Figure 30 show photomicrographs of 

the 316L, 317L, 309L, and 309Mo filler materials.  The same 

three-step colour etching technique as described earlier was used 

to prepare these photomicrographs.  These figures do indicate 

that the dendrite cores are richer in ferrite stabilising elements 

while the matrix is richer in austenite stabilising elements, as 

expected. No significant difference in the microstructures in 

regards to segregation was detected.   

• The ferrite mode: [F mode] 

The sequence L → [ L+ δ ] →  δ  → [ δ + γ ] 

is limited to steels with Creq/Nieq > 1.95 [17] 

For this solidification mode Widmanstätten type austenite can be 

seen in the ferrite matrix.  Figure 31 and Figure 32 show 

photomicrographs of SAF 2205 and SAF 2507 duplex stainless 

steel that represent this type of solidification mode. Again, the 

same three-step colour etching technique, as described earlier, 

was used to prepare these photomicrographs.  
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Figure 24 :  A photomicrograph showing the dendrites of the 625 filler material predicted to follow 
the austenite mode (A-mode) of solidification; three-step colour-etching technique. 

 

 
Figure 25:   A photomicrograph showing the dendrites of the 825 filler material predicted to follow 

the austenite mode (A-mode) of solidification; three step colour-etching technique. 
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Figure 26:   A photomicrograph showing the dendrites of the 904L filler material predicted to 

follow the austenite mode (A-mode) of solidification, near the fusion line; three-step 
colour-etching technique. 

 

 
Figure 27:   A photomicrograph showing the solidification/transformation dendrites of the 316L 

filler material, predicted to follow the ferrite-austenite mode (FA-mode) of 
solidification; three-step colour-etching technique.  Note the bluish coloured cores of 
the dendrites indicating areas with high Creq, in comparison to the low Creq/Nieq ratio 
areas, which remained colourless.  
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Figure 28:   A photomicrograph showing the solidification/transformation dendrites of the 317L 

filler material, predicted to follow the ferrite-austenite mode (FA-mode) of 
solidification; three-step colour-etching technique.  Note the bluish coloured cores of 
the dendrites indicating areas with high Creq (possibly Mo-rich), in comparison to the 
low Creq/Nieq ratio areas, which remained “colourless”. 

 

 
Figure 29:   A photomicrograph showing the solidification/transformation dendrites of the 309L 

filler material, predicted to follow the ferrite-austenite mode (FA-mode) of 
solidification; three-step colour-etching technique.  Note the bluish coloured cores of 
the dendrites indicating areas with high Creq, in comparison to the low Creq/Nieq ratio 
areas, which remained colourless. 

 

 
 
 



 53 

 
Figure 30:   A photomicrograph showing the solidification/transformation dendrites of the 309MoL 

filler material, predicted to follow the ferrite-austenite mode (FA-mode) of 
solidification; three-step colour-etching technique.  Note the brown/bluish coloured 
dendrites indicating areas with high Creq, in comparison to the low Creq/Nieq ratio 
areas, which remained colourless. 

 

 
Figure 31:   A photomicrograph showing the Widmanstätten type austenite in the ferrite matrix of 

the SAF 2205 filler material, predicted to follow the ferrite mode (F-mode) of 
solidification; three-step colour-etching technique.  Note the brown/bluish coloured 
areas with high Creq/Nieq ratio, in comparison to the low Creq/Nieq ratio areas, which 
remained colourless. 
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Figure 32:   A photomicrograph showing the Widmanstätten type austenite in the ferrite matrix of 

the SAF 2507 filler material, predicted to follow the ferrite mode (F-mode) of 
solidification; three-step colour-etching technique.  Note the brown/bluish coloured 
areas with high Creq/Nieq ratio, in comparison to the low Creq/Nieq ratio areas, which 
remained colourless. 

 

 

3.1.3.3. TEM results. 
As indicated above, EDS analyses with the SEM did not give 

conclusive results.  Due the fine, intergrown nature of the phases 

in the welds, it is probable that characteristic X-rays were 

produced by more than one phase simultaneously during SEM 

EDS analyses.  This resulted in an “average” chemical 

composition, even when it was attempted to analyse one phase 

only.  To overcome this problem TEM samples were prepared.   

Using electron diffraction patterns, it was possible to identify the 

phase in each analysed area.  Figure 15 and Figure 16 show two 

TEM photos, indicating the [110] crystal plane diffraction patterns 

of ferrite and austenite, respectively.  Note that the plane spacing 

of FCC (face centred cubic) austenite is different from that of BCC 

(body centred cubic) ferrite.  This was checked for each analysed 

phase to ensure that the phases were identified correctly. 
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Figure 33 shows a graphical representation of the results of the 

chemical analyses performed on the identified phases of selected 

weld filler material using the EDS function of the TEM, compared 

with the predicted chemical compositions of the phases as per 

Thermocalc for a temperature of 1200°C.  Figure 34 to Figure 45 

show the Thermocalc predictions of the equilibrium chemical 

composition of the phases present in the filler material during 

solidification and subsequent cooling.  Form these results it can be 

seen that the equilibrium partitioning of the elements as predicted 

by Thermocalc is reasonably close to the observed compositions.  

Therefore the major driving force for the partitioning of the 

elements lies in the thermodynamical properties as presented by 

the relevant phase diagrams.  The measured phase compositions 

correspond to the equilibrium compositions for a relatively high 

temperature of 1200°C, indicating that the relative high cooling 

rate during the welding process does not allow for much diffusion 

to take please in the solid state.  
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Figure 33:  Graphical representation of the results of the chemical EDS analyses performed on 

TEM samples from various welds compared with the predicted chemical 
compositions as per Thermocalc results at 1200°C. 
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Figure 34 :  Prediction of phase changes with temperature (according to Thermocalc) for type 
309L filler material (FA mode of solidification). 

 

 
 
Figure 35:   Chromium mass fraction in liquid, BCC and FCC phases as functions of temperature 

in type 309L filler material, as predicted with Thermocalc. (FA mode of solidification) 
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Figure 36:  Nickel mass fraction in liquid, BCC and FCC phases as functions of temperature in 
type 309L filler material, as predicted with Thermocalc.  (FA mode of solidification) 

 

 

 

Figure 37: Molybdenum mass fraction in liquid, BCC and FCC as functions of temperature in 
type 309L filler material, as predicted with Thermocalc. (FA mode of solidification) 
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Figure 38: Prediction of phase changes with temperature (according to Thermocalc) for type 
2507 filler material. (F mode of solidification) 

 

 
Figure 39: Chromium mass fraction in liquid, BCC and FCC phases as functions of temperature 

in type 2507 filler material, as predicted with Thermocalc. (F mode of solidification) 
 

Austenite - γ 

Ferrite - α 

Liquid - L 

Austenite - γ 

Ferrite - α 

Liquid - L 

 
 
 



 59 

 
Figure 40:  Nickel mass fraction in liquid, BCC and FCC phases as functions of temperature in 

type 2507 filler material, as predicted with Thermocalc. (F mode of solidification) 
 

 
Figure 41: Molybdenum mass fraction in liquid, BCC and FCC as functions of temperature in 

type 2507 filler material, as predicted with Thermocalc. (F mode of solidification) 
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Figure 42 : Prediction of phase changes with temperature (according to Thermocalc) for type 

2205 filler material. (F mode of solidification) 
 

 

 
Figure 43 :  Chromium mass fraction in liquid, BCC and FCC phases as functions of temperature 

in type 2205 filler material, as predicted with Thermocalc. (F mode of solidification) 
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Figure 44 :  Nickel mass fraction in liquid, BCC and FCC phases as functions of temperature in 

type 2205 filler material, as predicted with Thermocalc. (F mode of solidification) 
 

 
Figure 45: Molybdenum mass fraction in liquid, BCC and FCC phases as functions of 

temperature in type 2205 filler material, as predicted with Thermocalc. (F mode of 
solidification) 
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3.2. Exposure tests. 

3.2.1. Visual and Stereo results. 
All surfaces of samples exposed to the operating environment were 

evaluated using the scanning electron microscope.  A summary of this 

evaluation is presented in Table 9, while actual surfaces are presented in 

Figure 46 through to Figure 145.   

 
Table 9:  Summary of surface condition various filler materials evaluated during this 

study after exposure to operating conditions for 214 days as indicated in 
Table 4 and Table 5.  See the bottom of the table for explanation of the 
abbreviations. 

 316L 317L 309L 309 
MoL 904 625 825 2205 2507 316L 

plate 

A 

CW 
EP 

D(d) 
PN 

Figure 
46 

CW 
EP 

D(d) 
PN 

Figure 
47 

CW 
EP 
DC 
PN 

Figure 
48 

CW 
EP 

Ddel 
PN 

Figure 
49 

CB 
EP 

D(d) 
PP 

Figure 
50 

CB 
 E(p) 
D(d) 
PN 

Figure 
51 

CB 
 E(p) 
D(d) 
PP 

Figure 
52 

CB 
EN 
DI 
PN 

Figure 
53 

CB 
EN 
D(d) 
PN 

Figure 
54 

 
NG 
IC 
GD 

Figure 
55 

B 

CW 
EP 

D(d) 
PN 

Figure 
56 

CW 
EP 

D(d) 
PN 

Figure 
57 

CW 
EN 
DC 
PN 

Figure 
58 

CW 
EN 
DC 
PN 

Figure 
59 

CB 
EP 

D(d) 
PP 

Figure 
60 

CB 
 E(p) 
D(d) 
PN 

Figure 
61 

CB 
EP 

D(d) 
PP 

Figure 
62 

CW 
EN 
DI 
PN 

Figure 
63 

CW 
 E(p) 
D(d) 
PN 

Figure 
64 

 
NG 
IC 
SE 

Figure 
65 

C 

CW 
 E(p) 
Ddel 
PN 

Figure 
66 

CW 
 E(p) 
Ddel 
PN 

Figure 
67 

CW 
EP 
DC 
PN 

Figure 
68 

CW 
EN 

Ddel 
PN 

Figure 
69 

CB 
EP 

D(d) 
PP 

Figure 
70 

CB 
 E(p) 

DI 
PN 

Figure 
71 

CB 
EP 

D(d) 
PP 

Figure 
72 

CW 
EN 
DI 
PN 

Figure 
73 

CB 
 E(p) 
D(d) 
PN 

Figure 
74 

 
NG 
IC 
SE 

Figure 
75 

D 

CW 
EP 

Ddel 
PN 

Figure 
76 

CW 
EP 

Ddel 
PN 

Figure 
77 

CW 
EP 
DC 
PN 

Figure 
78 

CW 
EN 

Ddel 
PN 

Figure 
79 

CB 
EN 
D(d) 
PP 

Figure 
80 

CB 
 E(p) 

DI 
PN 

Figure 
81 

CB 
 E(p) 
D(d) 
PP 

Figure 
82 

CB 
EN 
DI 
PN 

Figure 
83 

CB 
 E(p) 
D(d) 
PN 

Figure 
84 

 
NG 
IC 
SE 

Figure 
85 

E 

CW 
EP 

Ddel 
PN 

Figure 
86 

CW 
 E(p) 
Ddel 
PN 

Figure 
87 

CW 
 E(p) 
DC 
PN 

Figure 
88 

 C(w) 
EN 
DC 
PN 

Figure 
89 

CB 
EN 
D(d) 
PP 

Figure 
90 

CB 
 E(p) 

DI 
PN 

Figure 
91 

CB 
EN 
D(d) 
PP 

Figure 
92 

CW 
EN 
DI 
PN 

Figure 
93 

CB 
 E(p) 
D(d) 
PN 

Figure 
94 

 
NG 
IC 
SE 

Figure 
95 

F 

 C(w) 
EP 

Ddel 
PN 

Figure 
96 

 C(w) 
 E(p) 
Ddel 
PN 

Figure 
97 

CW 
 E(p) 
D(d) 
PN 

Figure 
98 

 C(w) 
EN 

Ddel 
PN 

Figure 
99 

CB 
EN 
D(d) 
PP 

Figure 
100 

CB 
EN 
D(d) 
PN 

Figure 
101 

CB 
 E(p) 
D(d) 
PP 

Figure 
102 

CB 
EN 
DI 
PN 

Figure 
103 

CB 
EN 
D(d) 
PN 

Figure 
104 

 
NG 
IC 
SE 

Figure 
105 

G 

CW 
EP 

Ddel 
PN 

Figure 
106 

CW 
 E(p) 
Ddel 
PN 

Figure 
107 

CW 
EP 

Ddel 
PN 

Figure 
108 

CW 
EN 

Ddel 
PN 

Figure 
109 

CB 
EN 
D(d) 
PP 

Figure 
110 

CB 
 E(p) 

DI 
PN 

Figure 
111 

CB 
 E(p) 
D(d) 
PP 

Figure 
112 

CW 
EN 
DI 
PN 

Figure 
113 

CW 
 E(p) 
D(d) 
PN 

Figure 
114 

 
NG 
IC 
SE 

Figure 
115 
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Table 9:  continued… 

 316L 317L 309L 309 
MoL 904 625 825 2205 2507 316L 

plate 

H 

CW 
EP 

D(d) 
PN 

Figure 
116 

CW 
EN 

Ddel 
PN 

Figure 
117 

CW 
 E(p) 
DC 
PN 

Figure 
118 

CW 
EN 

Ddel 
PN 

Figure 
119 

CB 
 E(p) 
DC 
PP 

Figure 
120 

CB 
 E(p) 
D(d) 
PN 

Figure 
121 

CB 
 E(p) 

DI 
PP 

Figure 
122 

CW 
EN 
DI 
PN 

Figure 
123 

CB 
EN 
D(d) 
PN 

Figure 
124 

 
NG 
IC 
SE 

Figure 
125 

I 

CW 
EP 

D(d) 
PN 

Figure 
126 

CW 
EP 

D(d) 
PN 

Figure 
127 

CW 
EP 

D(d) 
PN 

Figure 
128 

CW 
EP 

D(d) 
PN 

Figure 
129 

 C(w) 
EP 

D(d) 
PP 

Figure 
130 

CB 
 E(p) 

DI 
PN 

Figure 
131 

CB 
 E(p) 
D(d) 
PP 

Figure 
132 

CW 
EN 
D(d) 
PN 

Figure 
133 

CW 
 E(p) 
D(d) 
PN 

Figure 
134 

 
NG 
IC 
SE 

Figure 
135 

J 

CW 
EN 

Ddel 
PN 

Figure 
136 

CW 
EN 

Ddel 
PN 

Figure 
137 

CW 
EN 
DC 
PN 

Figure 
138 

 C(w) 
EN 

Ddel 
PN 

Figure 
139 

CB 
EN 
D(d) 
PP 

Figure 
140 

CB 
 E(p) 

DI 
PN 

Figure 
141 

CB 
EN 
D(d) 
PP 

Figure 
142 

 C(w) 
EN 
D(d) 
PN 

Figure 
143 

CB 
EN 
D(d) 
PN 

Figure 
144 

 
NG 
IC 
SE 

Figure 
145 

CW –  rate of corrosion of weld filler material faster than base material 
C(w) –  rate of corrosion of weld filler material similar to the base material. 
CB –  rate of corrosion of weld filler material less than base material. 
EP –  large amount of etch pits visible on the welds filler material. 
E(p) –  minimal amount of etch pits visible on the weld filler material. 
EN –  no etch pits visible on the weld filler material. 
DC –  dendrite cores corroded preferentially. 
DI –  interdendritical areas corroded preferentially. 
D(d) –  both dendrite cores and interdendritical cavities corroded at similar rates. 
Ddel – both dendrite cores and interdendritical cavities corroded at similar rates, but delta ferrite 

visible (little less corroded than base material). 
PP –  pitting observed of weld filler material. 
PN –  no pitting of weld filler material observed. 
NG –  No galvanic corrosion between weld filler material and base material. 
IC –  Intergranular corrosion of base material observed. 
GD –  “grain dropping” corrosion observed. 
SE –  Slip plane etching of matrix 
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Figure 46:  SEM photograph of type 316L filler material surface after 214 days exposure to a 

mixture of formic, acetic, propionic and heavier acids at an operating temperature of 
approximately 145 °C during the distillation of these organic acids as indicated in 
column A of Table 4 and Table 5. 

 
 

 
 
Figure 47: SEM photograph of type 317L filler material surface after 214 days exposure to a 

mixture of formic, acetic, propionic and heavier acids at an operating temperature of 
approximately 145 °C during the distillation of these organic acids as indicated in 
column A of Table 4 and Table 5. 
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Figure 48:  SEM photograph of type 309L filler material surface after 214 days exposure to a 

mixture of formic, acetic, propionic and heavier acids at an operating temperature of 
approximately 145 °C during the distillation of these organic acids as indicated in 
column A of Table 4 and Table 5. 

 

 
 
Figure 49:  SEM photograph of type 309MoL filler material surface after 214 days exposure to a 

mixture of formic, acetic, propionic and heavier acids at an operating temperature of 
approximately 145 °C during the distillation of these organic acids as indicated in 
column A of Table 4 and Table 5. 
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Figure 50: SEM photograph of type 904L filler material surface after 214 days exposure to a 

mixture of formic, acetic, propionic and heavier acids at an operating temperature of 
approximately 145 °C during the distillation of these organic acids as indicated in 
column A of Table 4 and Table 5. 

 

 
 
Figure 51: SEM photograph of type 625 filler material surface after 214 days exposure to a 

mixture of formic, acetic, propionic and heavier acids at an operating temperature of 
approximately 145 °C during the distillation of these organic acids as indicated in 
column A of Table 4 and Table 5. 
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Figure 52: SEM photograph of type 825 filler material surface after 214 days exposure to a 

mixture of formic, acetic, propionic and heavier acids at an operating temperature of 
approximately 145 °C during the distillation of these organic acids as indicated in 
column A of Table 4 and Table 5. 

 

 

 

Figure 53:  SEM photograph of type 2205 filler material surface after 214 days exposure to a 
mixture of formic, acetic, propionic and heavier acids at an operating temperature of 
approximately 145 °C during the distillation of these organic acids as indicated in 
column A of Table 4 and Table 5. 
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Figure 54:  SEM photograph of type 2507 filler material surface after 214 days exposure to a 

mixture of formic, acetic, propionic and heavier acids at an operating temperature of 
approximately 145 °C during the distillation of these organic acids as indicated in 
column A of Table 4 and Table 5. 

 

 

 

Figure 55: SEM photograph of type 316L plate material surface after 214 days exposure to a 
mixture of formic, acetic, propionic and heavier acids at an operating temperature of 
approximately 145 °C during the distillation of these organic acids as indicated in 
column A of Table 4 and Table 5. 

 
 
 



 69 

 

 
Figure 56:  SEM photograph of type 316L weld filler material surface, after 214 days of exposure 

to a mixture of propionic and heavier acids at an operating temperature of 
approximately 179 °C during the distillation of organic acids as indicated in column B 
of Table 4 and Table 5. 

 
 

 
 

Figure 57:  SEM photograph of type 317L weld filler material surface, after 214 days of exposure 
to a mixture of propionic and heavier acids at an operating temperature of 
approximately 179 °C during the distillation of organic acids as indicated in column B 
of Table 4 and Table 5. 
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Figure 58:  SEM photograph of type 309L weld filler material surface, after 214 days of exposure 
to a mixture of propionic and heavier acids at an operating temperature of 
approximately 179 °C during the distillation of organic acids as indicated in column B 
of Table 4 and Table 5. 

 

 
 

Figure 59:  SEM photograph of type 309MoL weld filler material surface, after 214 days of to a 
mixture of propionic and heavier acids at an operating temperature of approximately 
179 °C during the distillation of organic acids as indicated in column B of Table 4 and 
Table 5. 
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Figure 60:  SEM photograph of type 904 weld filler material surface, after 214 days of to a mixture 
of propionic and heavier acids at an operating temperature of approximately 179 °C 
during the distillation of organic acids as indicated in column B of Table 4 and Table 
5. 

 

 
 

Figure 61:  SEM photograph of type 625 weld filler material surface, after 214 days of to a mixture 
of propionic and heavier acids at an operating temperature of approximately 179 °C 
during the distillation of organic acids as indicated in column B of Table 4 and Table 
5. 
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Figure 62:  SEM photograph of type 825 weld filler material surface, after 214 days of to a mixture 
of propionic and heavier acids at an operating temperature of approximately 179 °C 
during the distillation of organic acids as indicated in column B of Table 4 and Table 
5. 

 

 
 

Figure 63: SEM photograph of type 2205 weld filler material surface, after 214 days of exposure 
to a mixture of propionic and heavier acids at an operating temperature of 
approximately 179 °C during the distillation of organic acids as indicated in column B 
of Table 4 and Table 5. 
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Figure 64:  SEM photograph of type 2507 weld filler material surface, after 214 days of to a 
mixture of propionic and heavier acids at an operating temperature of approximately 
179 °C during the distillation of organic acids as indicated in column B of Table 4 and 
Table 5. 

 

 
 

Figure 65:  SEM photograph of type 316L plate material surface, after 214 days of to a mixture of 
propionic and heavier acids at an operating temperature of approximately 179 °C 
during the distillation of organic acids as indicated in column B of Table 4 and Table 5. 
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Figure 66:  SEM photograph of type 316L weld filler material surface, after 214 days of exposure 
to a mixture of formic, acetic, propionic and heavier acids at an operating 
temperature of approximately 125 °C during the distillation of organic acids as 
indicated in column C of Table 4 and Table 5. 

 

 
 

Figure 67:  SEM photograph of type 317L weld filler material surface, after 214 days of exposure 
to a mixture of formic, acetic, propionic and heavier acids at an operating temperature 
of approximately 125 °C during the distillation of organic acids as indicated in column 
C of Table 4 and Table 5. 
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Figure 68:  SEM photograph of type 309L weld filler material surface, after 214 days of exposure 
to a mixture of formic, acetic, propionic and heavier acids at an operating 
temperature of approximately 125 °C during the distillation of organic acids as 
indicated in column C of Table 4 and Table 5. 

 

 
 

Figure 69:  SEM photograph of type 309MoL weld filler material surface, after 214 days of 
exposure to a mixture of formic, acetic, propionic and heavier acids at an operating 
temperature of approximately 125 °C during the distillation of organic acids as 
indicated in column C of Table 4 and Table 5. 
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Figure 70:  SEM photograph of type 904 weld filler material surface, after 214 days of exposure to 
a mixture of formic, acetic, propionic and heavier acids at an operating temperature of 
approximately 125 °C during the distillation of organic acids as indicated in column C 
of Table 4 and Table 5. 

 

 
 

Figure 71:  SEM photograph of type 625 weld filler material surface, after 214 days of exposure to 
a mixture of formic, acetic, propionic and heavier acids at an operating temperature of 
approximately 125 °C during the distillation of organic acids as indicated in column C 
of Table 4 and Table 5. 

 

 
 
 



 77 

 
 

Figure 72:  SEM photograph of type 825 weld filler material surface, after 214 days of exposure to 
a mixture of formic, acetic, propionic and heavier acids at an operating temperature of 
approximately 125 °C during the distillation of organic acids as indicated in column C 
of Table 4 and Table 5. 

 

 
 

Figure 73:  SEM photograph of type 2205 weld filler material surface, after 214 days of exposure 
to a mixture of formic, acetic, propionic and heavier acids at an operating 
temperature of approximately 125 °C during the distillation of organic acids as 
indicated in column C of Table 4 and Table 5. 
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Figure 74:  SEM photograph of type 2507 weld filler material surface, after 214 days of exposure 
to a mixture of formic, acetic, propionic and heavier acids at an operating 
temperature of approximately 125 °C during the distillation of organic acids as 
indicated in column C of Table 4 and Table 5. 

 

 
 

Figure 75:  SEM photograph of type 316L plate material surface, after 214 days of exposure to a 
mixture of formic, acetic, propionic and heavier acids at an operating temperature of 
approximately 125 °C during the distillation of organic acids as indicated in column C 
of Table 4 and Table 5. 
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Figure 76: SEM photograph of type 316L weld filler material surface, after 214 days of exposure 

to a mixture of formic, acetic and propionic acids at an operating temperature of 
approximately 119 °C during the distillation of organic acids as indicated in column D 
of Table 4 and Table 5. 

 
 

 
 
Figure 77: SEM photograph of type 317L weld filler material surface, after 214 days of exposure 

to a mixture of formic, acetic and propionic acids at an operating temperature of 
approximately 119 °C during the distillation of organic acids as indicated in column D 
of Table 4 and Table 5. 
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Figure 78: SEM photograph of type 309L weld filler material surface, after 214 days of exposure 

to a mixture of formic, acetic and propionic acids at an operating temperature of 
approximately 119 °C during the distillation of organic acids as indicated in column D 
of Table 4 and Table 5. 

 

 
 
Figure 79: SEM photograph of type 309MoL weld filler material surface, after 214 days of 

exposure to a mixture of formic, acetic and propionic acids at an operating 
temperature of approximately 119 °C during the distillation of organic acids as 
indicated in column D of Table 4 and Table 5. 
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Figure 80: SEM photograph of type 904L weld filler material surface, after 214 days of exposure 

to a mixture of formic, acetic and propionic acids at an operating temperature of 
approximately 119 °C during the distillation of organic acids as indicated in column D 
of Table 4 and Table 5. 

 

 
 
Figure 81: SEM photograph of type 625 weld filler material surface, after 214 days of exposure to 

a mixture of formic, acetic and propionic acids at an operating temperature of 
approximately 119 °C during the distillation of organic acids as indicated in column D 
of Table 4 and Table 5. 
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Figure 82: SEM photograph of type 825 weld filler material surface, after 214 days of exposure to 

a mixture of formic, acetic and propionic acids at an operating temperature of 
approximately 119 °C during the distillation of organic acids as indicated in column D 
of Table 4 and Table 5. 

 
 

 
 
Figure 83: SEM photograph of type 2205 weld filler material surface, after 214 days of exposure 

to a mixture of formic, acetic and propionic acids at an operating temperature of 
approximately 119 °C during the distillation of organic acids as indicated in column D 
of Table 4 and Table 5. 
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Figure 84: SEM photograph of type 2507 weld filler material surface, after 214 days of exposure 

to a mixture of formic, acetic and propionic acids at an operating temperature of 
approximately 119 °C during the distillation of organic acids as indicated in column D 
of Table 4 and Table 5. 

 

 
 
Figure 85:  SEM photograph of type 316L plate material surface, after 214 days of exposure to a 

mixture of formic, acetic and propionic acids at an operating temperature of 
approximately 119 °C during the distillation of organic acids as indicated in column D 
of Table 4 and Table 5. 
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Figure 86: SEM photograph of type 316L weld filler material surface, after 214 days of exposure 

to propionic acid at an operating temperature of approximately 156 °C during the 
distillation of organic acids as indicated in column E of Table 4 and Table 5. 

 
 

 
 
Figure 87: SEM photograph of type 317L weld filler material surface, after 214 days of exposure 

to propionic acid at an operating temperature of approximately 156 °C during the 
distillation of organic acids as indicated in column E of Table 4 and Table 5. 
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Figure 88: SEM photograph of type 309L weld filler material surface, after 214 days of exposure 

to propionic acid at an operating temperature of approximately 156 °C during the 
distillation of organic acids as indicated in column E of Table 4 and Table 5. 

 
 

 
 
Figure 89: SEM photograph of type 309MoL weld filler material surface, after 214 days of 

exposure to propionic acid at an operating temperature of approximately 156 °C 
during the distillation of organic acids as indicated in column E of Table 4 and Table 
5. 
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Figure 90: SEM photograph of type 904L weld filler material surface, after 214 days of exposure 
to propionic acid at an operating temperature of approximately 156 °C during the 
distillation of organic acids as indicated in column E of Table 4 and Table 5. 

 
 

 
 
Figure 91: SEM photograph of type 625 weld filler material surface, after 214 days of exposure to 

propionic acid at an operating temperature of approximately 156 °C during the 
distillation of organic acids as indicated in column E of Table 4 and Table 5. 
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Figure 92: SEM photograph of type 825 weld filler material surface, after 214 days of exposure to 

propionic acid at an operating temperature of approximately 156 °C during the 
distillation of organic acids as indicated in column E of Table 4 and Table 5. 

 

 
 
Figure 93: SEM photograph of type 2205 weld filler material surface, after 214 days of exposure 

to propionic acid at an operating temperature of approximately 156 °C during the 
distillation of organic acids as indicated in column E of Table 4 and Table 5. 
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Figure 94: SEM photograph of type 2507 weld filler material surface, after 214 days of exposure 

to propionic acid at an operating temperature of approximately 156 °C during the 
distillation of organic acids as indicated in column E of Table 4 and Table 5. 

 

 
 
Figure 95: SEM photograph of type 316L plate material surface, after 214 days of exposure to 

propionic acid at an operating temperature of approximately 156 °C during the 
distillation of organic acids as indicated in column E of Table 4 and Table 5. 
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Figure 96: SEM photograph of type 316L weld filler material surface, after 214 days of exposure 
to formic, acetic and propionic acids at an operating temperature of approximately 
154 °C during the distillation of organic acids as indicated in column F of Table 4 and 
Table 5. 

 
 

 
 
Figure 97: SEM photograph of type 317L weld filler material surface, after 214 days of exposure 

to formic, acetic and propionic acids at an operating temperature of approximately 
154 °C during the distillation of organic acids as indicated in column F of Table 4 and 
Table 5. 
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Figure 98: SEM photograph of type 309L weld filler material surface, after 214 days of exposure 

to formic, acetic and propionic acids at an operating temperature of approximately 
154 °C during the distillation of organic acids as indicated in column F of Table 4 and 
Table 5. 

 

 
 

Figure 99: SEM photograph of type 309MoL weld filler material surface, after 214 days of 
exposure to formic, acetic and propionic acids at an operating temperature of 
approximately 154 °C during the distillation of organic acids as indicated in column F 
of Table 4 and Table 5. 
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Figure 100: SEM photograph of type 904 weld filler material surface, after 214 days of exposure 
to formic, acetic and propionic acids at an operating temperature of approximately 
154 °C during the distillation of organic acids as indicated in column F of Table 4 and 
Table 5. 

 

 
 

Figure 101: SEM photograph of type 625 weld filler material surface, after 214 days of exposure 
to formic, acetic and propionic acids at an operating temperature of approximately 
154 °C during the distillation of organic acids as indicated in column F of Table 4 and 
Table 5. 
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Figure 102: SEM photograph of type 825 weld filler material surface, after 214 days of exposure 
to formic, acetic and propionic acids at an operating temperature of approximately 
154 °C during the distillation of organic acids as indicated in column F of Table 4 and 
Table 5. 

 

 
 

Figure 103: SEM photograph of type 2205 weld filler material surface, after 214 days of exposure 
to formic, acetic and propionic acids at an operating temperature of approximately 
154 °C during the distillation of organic acids as indicated in column F of Table 4 and 
Table 5. 

 

 
 
 



 93 

 
 

Figure 104: SEM photograph of type 2507 weld filler material surface, after 214 days of exposure 
to formic, acetic and propionic acids at an operating temperature of approximately 
154 °C during the distillation of organic acids as indicated in column F of Table 4 and 
Table 5. 

 
 

 
 

Figure 105: SEM photograph of type 316L plate material surface, after 214 days of to formic, 
acetic and propionic acids at an operating temperature of approximately 154 °C during 
the distillation of organic acids as indicated in column F of Table 4 and Table 5. 
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Figure 106: SEM photograph of type 316L weld filler material surface, after 214 days of exposure 

to formic and acetic acids at an operating temperature of approximately 111 °C 
during the distillation of organic acids as indicated in column G of Table 4 and Table 
5. 

 
 

 
 

Figure 107: SEM photograph of type 317L weld filler material surface, after 214 days of exposure 
to formic and acetic acids at an operating temperature of approximately 111 °C 
during the distillation of organic acids as indicated in column G of Table 4 and Table 
5. 
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Figure 108: SEM photograph of type 309L weld filler material surface, after 214 days of exposure 
to formic and acetic acids at an operating temperature of approximately 111 °C 
during the distillation of organic acids as indicated in column G of Table 4 and Table 
5. 

 
 

 
 

Figure 109: SEM photograph of type 309MoL weld filler material surface, after 214 days of 
exposure to formic and acetic acids at an operating temperature of approximately 
111 °C during the distillation of organic acids as indicated in column G of Table 4 
and Table 5. 
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Figure 110: SEM photograph of type 904 weld filler material surface, after 214 days of exposure 
to formic and acetic acids at an operating temperature of approximately 111 °C 
during the distillation of organic acids as indicated in column G of Table 4 and Table 
5. 

 

 
 

Figure 111: SEM photograph of type 625 weld filler material surface, after 214 days of exposure 
to formic and acetic acids at an operating temperature of approximately 111 °C 
during the distillation of organic acids as indicated in column G of Table 4 and Table 
5. 
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Figure 112: SEM photograph of type 825 weld filler material surface, after 214 days of exposure 
to formic and acetic acids at an operating temperature of approximately 111 °C 
during the distillation of organic acids as indicated in column G of Table 4 and Table 
5. 

 

 
 
Figure 113: SEM photograph of type 2205 weld filler material surface, after 214 days of exposure 

to formic and acetic acids at an operating temperature of approximately 111 °C 
during the distillation of organic acids as indicated in column G of Table 4 and Table 
5. 
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Figure 114: SEM photograph of type 2507 weld filler material surface, after 214 days of exposure 
to formic and acetic acids at an operating temperature of approximately 111 °C 
during the distillation of organic acids as indicated in column G of Table 4 and Table 
5. 

 

 
 

Figure 115:  SEM photograph of type 316L plate material surface, after 214 days of exposure to 
formic and acetic acids at an operating temperature of approximately 111 °C during 
the distillation of organic acids as indicated in column G of Table 4 and Table 5. 
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Figure 116: SEM photograph of type 316L weld filler material surface, after 214 days of exposure 

to formic and acetic acids at an operating temperature of approximately 130 °C 
during the distillation of organic acids as indicated in column H of Table 4 and Table 
5. 

 
 

 
 
Figure 117: SEM photograph of type 317L weld filler material surface, after 214 days of exposure 

to formic and acetic acids at an operating temperature of approximately 130 °C 
during the distillation of organic acids as indicated in column H of Table 4 and Table 
5. 
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Figure 118: SEM photograph of type 309L weld filler material surface, after 214 days of exposure 
to formic and acetic acids at an operating temperature of approximately 130 °C 
during the distillation of organic acids as indicated in column H of Table 4 and Table 
5. 

 

 
 

Figure 119: SEM photograph of type 309MoL weld filler material surface, after 214 days of 
exposure to formic and acetic acids at an operating temperature of approximately 
130 °C during the distillation of organic acids as indicated in column H of Table 4 
and Table 5. 
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Figure 120: SEM photograph of type 904 weld filler material surface, after 214 days of exposure 
to formic and acetic acids at an operating temperature of approximately 130 °C 
during the distillation of organic acids as indicated in column H of Table 4 and Table 
5. 

 

 
 

Figure 121: SEM photograph of type 625 weld filler material surface, after 214 days of exposure 
to formic and acetic acids at an operating temperature of approximately 130 °C 
during the distillation of organic acids as indicated in column H of Table 4 and Table 
5. 
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Figure 122: SEM photograph of type 825 weld filler material surface, after 214 days of exposure 
to formic and acetic acids at an operating temperature of approximately 130 °C 
during the distillation of organic acids as indicated in column H of Table 4 and Table 
5. 

 

 
 

Figure 123: SEM photograph of type 2205 weld filler material surface, after 214 days of exposure 
to formic and acetic acids at an operating temperature of approximately 130 °C 
during the distillation of organic acids as indicated in column H of Table 4 and Table 
5. 
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Figure 124: SEM photograph of type 2507 weld filler material surface, after 214 days of exposure 
to formic and acetic acids at an operating temperature of approximately 130 °C 
during the distillation of organic acids as indicated in column H of Table 4 and Table 
5. 

 

 
 

Figure 125:  SEM photograph of type 316L plate material surface, after 214 days of exposure to 
formic and acetic acids at an operating temperature of approximately 130 °C during 
the distillation of organic acids as indicated in column H of Table 4 and Table 5. 
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Figure 126: SEM photograph of type 316L weld filler material surface, after 214 days of exposure 

to formic and acetic acids at an operating temperature of approximately 126°C 
during the distillation of organic acids as indicated in column I of Table 4 and Table 
5. 

 
 

 
 

Figure 127: SEM photograph of type 317L weld filler material surface, after 214 days of exposure 
to formic and acetic acids at an operating temperature of approximately 126°C 
during the distillation of organic acids as indicated in column I of Table 4 and Table 
5. 
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Figure 128: SEM photograph of type 309L weld filler material surface, after 214 days of exposure 
to formic and acetic acids at an operating temperature of approximately 126°C 
during the distillation of organic acids as indicated in column I of Table 4 and Table 
5. 

 
 

 
 

Figure 129: SEM photograph of type 309MoL weld filler material surface, after 214 days of 
exposure to formic and acetic acids at an operating temperature of approximately 
126°C during the distillation of organic acids as indicated in column I of Table 4 and 
Table 5. 
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Figure 130: SEM photograph of type 904 weld filler material surface, after 214 days of exposure 
to formic and acetic acids at an operating temperature of approximately 126°C 
during the distillation of organic acids as indicated in column I of Table 4 and Table 
5. 

 
 

 
 

Figure 131: SEM photograph of type 625 weld filler material surface, after 214 days of exposure 
to formic and acetic acids at an operating temperature of approximately 126°C 
during the distillation of organic acids as indicated in column I of Table 4 and Table 
5. 
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Figure 132: SEM photograph of type 825 weld filler material surface, after 214 days of exposure 
to formic and acetic acids at an operating temperature of approximately 126°C 
during the distillation of organic acids as indicated in column I of Table 4 and Table 
5. 

 

 
 

Figure 133: SEM photograph of type 2205 weld filler material surface, after 214 days of exposure 
to formic and acetic acids at an operating temperature of approximately 126°C 
during the distillation of organic acids as indicated in column I of Table 4 and Table 
5. 
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Figure 134: SEM photograph of type 2507 weld filler material surface, after 214 days of exposure 
to formic and acetic acids at an operating temperature of approximately 126°C 
during the distillation of organic acids as indicated in column I of Table 4 and Table 
5. 

 

 
 
Figure 135:  SEM photograph of type 316L plate material surface, after 214 days of exposure to 

formic and acetic acids at an operating temperature of approximately 126°C during 
the distillation of organic acids as indicated in column I of Table 4 and Table 5. 
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Figure 136: SEM photograph of type 316L weld filler material surface, after 214 days of exposure 

to formic and acetic acids at an operating temperature of approximately 86°C during 
the distillation of organic acids as indicated in column J of Table 4 and Table 5. 

 

 
 

Figure 137: SEM photograph of type 317L weld filler material surface, after 214 days of exposure 
to formic and acetic acids at an operating temperature of approximately 86°C during 
the distillation of organic acids as indicated in column J of Table 4 and Table 5. 
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Figure 138: SEM photograph of type 309L weld filler material surface, after 214 days of exposure 
to formic and acetic acids at an operating temperature of approximately 86°C during 
the distillation of organic acids as indicated in column J of Table 4 and Table 5. 

 

 
 

Figure 139: SEM photograph of type 309MoL weld filler material surface, after 214 days of 
exposure to formic and acetic acids at an operating temperature of approximately 
86°C during the distillation of organic acids as indicated in column J of Table 4 and 
Table 5. 
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Figure 140: SEM photograph of type 904 weld filler material surface, after 214 days of exposure 
to formic and acetic acids at an operating temperature of approximately 86°C during 
the distillation of organic acids as indicated in column J of Table 4 and Table 5. 

 

 
 

Figure 141: SEM photograph of type 625 weld filler material surface, after 214 days of exposure 
to formic and acetic acids at an operating temperature of approximately 86°C during 
the distillation of organic acids as indicated in column J of Table 4 and Table 5. 
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Figure 142: SEM photograph of type 825 weld filler material surface, after 214 days of exposure 
to formic and acetic acids at an operating temperature of approximately 86°C during 
the distillation of organic acids as indicated in column J of Table 4 and Table 5. 

 

 
 

Figure 143: SEM photograph of type 2205 weld filler material surface, after 214 days of exposure 
to formic and acetic acids at an operating temperature of approximately 86°C during 
the distillation of organic acids as indicated in column J of Table 4 and Table 5. 
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Figure 144: SEM photograph of type 2507 weld filler material surface, after 214 days of exposure 
to formic and acetic acids at an operating temperature of approximately 86°C during 
the distillation of organic acids as indicated in column J of Table 4 and Table 5. 

 

 
 
Figure 145:  SEM photograph of type 316L plate material surface, after 214 days of exposure to 

formic and acetic acids at an operating temperature of approximately 86°C during 
the distillation of organic acids as indicated in column J of Table 4 and Table 5. 
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As indicated above in Figure 46 to Figure 145 severe corrosion of 

the less noble filler materials were noted.  It was observed that 

under all the operating conditions the type 309L filler material 

corroded at a higher rate than the type 316L base material.  Type 

309L was the only filler material with a low Mo concentration which 

was tested.  It would thus appear that a certain minimal 

concentration of Mo in the filler material is essential to provide 

corrosion resistance under these operating conditions.  Type 309L 

filler material should follow the FA mode of solidification.  Thus 

dendrite cores should be rich in ferrite forming elements such as 

Mo and Cr and the interdendritical cavities rich in austenite 

forming elements such as Ni, C and Mn.  Under all the operating 

conditions the dendrite cores of the type 309L filler either corrode 

at the same rate than the rest of the weld material or corrode at an 

accelerated rate compared to the rest of the weld filler material.  It 

would thus appear that the slight increase in the Cr concentration 

of the type 309L filler material compared to the lower Cr 

concentration of the type 316L base material did not compensate 

for the lower concentration in Mo of this filler material. 

 

Opposite to the above, it would appear that the despite the (slight) 

increase in the Mo concentration of the type 317L filler material 

compared to the type 316L filler material and base material Type 

317L filler material corroded at similar rates as the type 316L filler 

materials.  The increase in the Mo concentration to the dendrite 

cores also did not have significant influence in the corrosion 

resistance of the cores compared to the interdendritical cavities of 

this filler material.  

 

Increased Cr concentration with similar Mo concentrations 

compared to the type 316L filler material in the type 309MoL did 

also not show significant improvement in the corrosion resistance 

of this filler material.  In most of the tested operating conditions, 
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except conditions E, F and J, did the filler material corrode at a 

higher rate than the base material.   

 

Corrosion results from the two duplex filler materials, type 2205 

and 2507 filler materials, were more variable.  Under some of the 

operating conditions these fillers provided superior corrosion 

resistance to the operating media than the type 316L base and 

filler material, but in some cases not.  In most of the cases the 

increased Cr, Mo and Ni concentration of the type 2507 filler 

material (compared to the 2205 filler material) provided increased 

corrosion resistance to the operating media.   

 

In all the instances where the type 825 and type 904L filler 

materials were exposed to the operating conditions pitting of the 

weld metal was noticed (see Figure 146).  The size and the 

distribution of pits were not constant and varied with exposure 

condition.  However, as with the previous observations, a 

correlation between the operating medium composition, 

temperature and corrosion rate could not be established.  TEM 

evaluation of the type 904L filler material did reveal the presence 

of precipitates within the austenite matrix. Figure 147 presents a 

TEM photomicrograph illustrating the nature of these precipitates. 

Using the EDS function of the TEM chemical analyses of these 

precipitates and 904L matrix next to the precipitates were 

performed.  The analyses results indicated that the precipitates 

were significantly richer in Mo and Nb and to a small extent richer 

in Cr as graphically illustrated in Figure 148.  The Fe concentration 

was however lower than the base material.  These precipitates are 

believed to be Mo, Nb-carbides that acted as initiation sites for 

preferential corrosion resulting in the observed pitting.  In most of 

the cases the type 904L filler material corroded at a lower rate 

than the type 316L base material. 
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Figure 146:  Typical pitting observed on the surfaces of the type 904L and 825 filler materials. 
 

 

Figure 147:  TEM photomicrograph indicating the nature of the precipitates that were observed 
inside the matrix of the type 904L filler material. 

 

500 nm 
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Figure 148:  Graphical illustration of the TEM EDX analyses performed on the precipitates 
observed within the 904L filler material. 

 

Type904L, 625 and 825 filler materials corroded at a lower rate 

than the type 316L base material.  Examination of cross section of 

these weldments revealed no visual indications of galvanic 

corrosion in any weldments in these operating media with no 

preferential corrosion of the HAZ.  Although corrosion of the type 

625 filler did occur, the extent of this was much less than that of 

the base material.  The nature of the corrosion (faster/slower at 

the dendrite cores/interdendritic regions) is discussed in more 

detail chapter 4.  Types 625 and type 825 filler materials are 

expected to follow the A-type of solidification mode.  Therefore 

dendrite cores should be richer in austenite stabling elements i.e. 

Ni, C, Mn than the interdendritic cavities.  Colour etching did 

reveal that there are cathodic and anodic sites generated between 

the dendrite cores and the interdendritical cavities of the type 904L 

filler material.  It was therefore expected that the corrosion of one 

of the two positions would be more significant than illustrated in 

Table 9.   

Precipitate Austenite Matrix 
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In most cases, however, the corrosion rate of the dendrite cores 

was similar to that of the interdendritical cavities, indicating that 

the increase in the alloying elements within both of these positions 

were high enough to provide similar corrosion resistance between 

these positions within the matrix. 
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4. Discussion and conclusions 
 

• Although all highly alloyed high nickel alloy filler materials (904L, 825 and 625) all 

corroded at lower rates than the base material, the 625 filler material was the 

filler material of choice due to the lack of any weld pitting, which was detected in 

both the 825 and 904L filler materials.  The size and the distribution of pits were 

not constant and varied with exposure condition.  In these filler materials, 

following the austenite mode of solidification, no significant concentration 

differences were detected within the matrix using the EDS facility of the TEM.  In 

the case of 904L, however, it was possible to get an indication of the chemical 

composition of the precipitates noticed.  These precipitates were rich in 

molybdenum and niobium and are believed to be molybdenum (Mo) and niobium 

(Nb) carbonitrides.  Since these precipitates are rich in Mo the material adjacent 

to this precipitates may become depleted in Mo, resulting in selective corrosion of 

the area next to these precipitates, similar to intergranular corrosion in the case 

of sensitised materials.  These presumably small-scale changes in chemical 

compositions were not conclusively identified with the EDS analyses during the 

TEM evaluation of these samples. 

• In the case of the 825 filler material where both the quantities of Cr and Ni were 

significantly higher than the type 316L, 317L, 309MoL, 2205, 2507, but with 

comparable molybdenum concentrations to the type 317L, type 2205 and 2507 

duplex filler materials, the type 825 filler material had significantly superior 

corrosion resistance to the operating environment than these filler materials.  

Type 825 filler material had even superior corrosion resistance to the type 316L 

base material.  This suggests that a certain minimum concentration of chrome 

and nickel is required to improve the corrosion resistance of the filler material.  

However, available results do not allow any conclusion to be drawn on the 

individual and joint effects of molybdenum, chromium and nickel, beyond the 

general conclusion that the filler material needs to be quite highly alloyed to be 

resistant to these environments.  

• In contrast with the conclusion that a substantial alloying content is required to 

improve corrosion resistance of the filler materials, the difference in composition 

between ferrite and austenite (and within phases, due to micro segregation) was 
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quite small, yet appeared to affect the corrosion attack.  This is illustrated by the 

micrographs, which show corrosion to etch out the dendrite structure.  The 

partitioning of alloying elements would be affected by the solidification mode.  

Types 316L, 317L, 309L and 309MoL fillers should follow the Ferrite-Austenite 

mode (FA mode) of solidification: L → [ L+ δ ] → [ L + δ + γ ] → [ δ + γ ].   

According to this, the dendrite cores (delta ferrite) of these filler materials should 

be rich in ferrite forming elements such as Cr and Mo where the interdendritic 

regions should be rich in austenite stabilising elements such as Ni, N.  The semi-

quantitative TEM analyses indicate a 4-6% compositional difference in chrome 

and nickel in the ferrite and austenite phases.  The concentration of molybdenum 

did not differ that much, but were in the same order of magnitude as seen in the 

filler materials evaluated.  It might be expected that the ferrite phase with higher 

molybdenum and chromium should be more resistant to the operating medium 

while the austenite should be less resistant.  This was, however, not the case for 

the corrosion of type 309L filler material.  In all the cases, except under 

conditions F, G and J, the ferrite phase was selectively corroded.  It would thus 

appear that in this case the Ni enrichment of the austenite phase had a larger 

influence on the corrosion resistance of the austenite phase than the chrome 

enrichment had on the corrosion resistance of the ferrite phase.  It would also 

appear that the lack of significant quantities of molybdenum proves to be very 

detrimental to the corrosion resistance of this filler material. 

• The corrosion rates of type 316L filler material welds were estimated to be an 

order of magnitude higher than that of the base material.  Evaluation of the welds 

performed on the coupons indicated that the corrosion rate of the plate material 

relative to the filler materials was not constant for different exposure conditions.  

This was specifically noticeable for the duplex filler materials where varying 

results in terms of preferential weld corrosion vs. preferential base material 

corrosion were noted.  Thus, in certain instances the corrosion rate of the duplex 

filler material was higher than that of the type 316L base material and in other 

instances the corrosion rate of the type 316L base material was lower than that of 

the duplex filler materials.  Analyses of the operational data in terms of operating 

temperature and acid concentrations did not reveal any obvious correlation 

between the differences in operating conditions that could explain the difference 

in the corrosion behaviour of the filler materials.   
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• In almost all the cases where the chemical composition of the filler material was 

comparable with that of the base material (type 309L, type 309MoL, type 316L, 

type 317L) the corrosion rates of the filler materials were higher than that of the 

base material.  It appears that only under some conditions, i.e. conditions F for 

type 317L filler material and conditions E, F, and J for type 309MoL, was the Mo 

concentration high enough to provide similar corrosion resistance to the 

operating media than the type 316L base material. 

• It appears that the major alloying elements that contribute to the corrosion 

resistance of stainless steels are nickel and molybdenum. Although not tested it 

is believed that a certain minimum quantity of chromium is also required to 

provide corrosion resistance to materials in hot organic acid environments as 

described above.  Changes in the nitrogen concentration of the 309L filler 

material did not have a significant influence on the general corrosion resistance 

of this filler material, so differences in corrosion behaviour are probably not 

attributable to variations in nitrogen content.  Type 309L and 309MoL also had 

significant higher Cr concentrations than the comparative 316L and 317L filler 

materials, but no definite conclusion can be reached on whether these changes 

in chrome concentration had significant influence on the general corrosion 

resistance of these filler materials.  

• In the case of the duplex filler materials a ferrite mode of solidification is 

expected.  All the liquid is expected to solidify as ferrite followed be a solid-state 

transformation of ferrite to austenite at lower temperatures.  It is, therefore, 

expected that the ferrite cores will be higher in ferrite stabilising elements while 

interdendritic regions will be richer in austenite stabilising elements. It is also 

expected that these regions will be the initiation sites for austenite formation 

during subsequent cooling.  From the TEM EDS analyses performed on the 

ferrite and austenite phases, it was not possible to detect a concentration 

difference within the ferrite and austenite phase itself. There were, however, 

significant differences in the concentration of elements between the ferrite and 

austenite, with the austenite stabilising elements reporting to the austenite phase 

and the ferrite stabilising elements reporting to the austenite phase.  Since the 

morphology of the two phases is so similar, it could not be conclusively 

established which of the two phases was selectively corroded.  Cross-sections of 

these filler materials did also not give any conclusive results.  It was however 
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expected that ferrite, with its higher Mo value, would be more resistant to the 

operating medium than the austenite.  But in some instances, ferrite seems to be 

selectively corroded, while at other positions, austenite seems to be selectively 

corroded. 

• Experience with current production systems indicate that the corrosion rate of un-

welded plate varies between 0.06 mm/y and 0.8mm/y depending on the 

temperature and organic acid concentration during the distillation process.  No 

correlation between the corrosion rate and analysed chemical composition of the 

product and operating temperature could be established during the evaluation of 

this data.  It is believed that the influence of unmeasured components, such as 

formic acid, could have a significant influence on the corrosion rate of the 

operating columns.  At the time of the study it was still unclear how much formic 

acid can be present in the organic acid mixtures.  This was due to the fact that 

the analysis method used to determine the relative acid concentrations did not 

distinguish between acetic acid and formic acid and both these acids were 

reported as acetic acid.  Subsequent testing of these medium did indicate the 

presence of formic acid in the operating media.  As indicated in paragraph 1.1, of 

all the carboxylic acids, formic acid is reported to be the most active and can 

influence the corrosion rate in is medium significantly.  This might also explain 

the higher than expected corrosion rates of the type 316L materials under these 

operating conditions. 

• In all the instances the corrosion rate of the highly alloyed type 625 filler material 

was lower than that of the type 316L base material.  Galvanic corrosion was no 

noted at any of the weld/HAZ interfaces: in no case did the parent metal adjacent 

to the weld corrode preferentially to the material further away of the weld.   
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