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W E L D  C O R R O S I O N  I N  U R E A  S Y N T H E S I S *  

J. M.  A.  VAN DER HORST~" a n d  GEORGE H.  CLARK~ 

Abstract--Corrosion of 316L stainless welds in urea synthesis systems is not due to preferential 
attack of ferrite, but to dissolution of sigma phase formed from ferrite by successive weld passes. 
Proper element balancing of 316L filler metal, or welding with Alloy 20 or a high nitrogen 316 weld 
eliminates this problem. 

C A S E  H I S T O R I E S  

IT IS often asserted that ferrite content in welds for urea synthesis equipment should 
be kept very low based on results in the Huey test. 1-6 This obviously makes welding 
very difficult since pure austenitic welds are subjected to hot cracking. The purpose 
of this article is to demonstrate that ferrite is more resistant than austenite in a urea 
synthesis environment, that the phase which is actually attacked in these welds is 
sigma phase, and that therefore in order to prevent weld attacks, a welding rod should 
be used in which sigma formation is retarded. 

Figure 1 (1000 ×, oxalic electroetch) shows a weld exposed at 365°F (185°C) and 
2000 psig (137 atm.) to a gaseous urea synthesis environment in which condensation 
occurred. It is quite obvious that the ferrite dendrites stand out as sharp peaks, while 
the austenite has been dissolved. Figure 2 (1000 ×, oxalic electroetch) is a weld cross- 
section from the same environment but this time exposed to the reactor liquid. The 
result is essentially the same, ferrite dendrites projecting, while the austenite has 
been dissolved. 

The next case is from another urea synthesis plant, this time from a primary 
decomposer. During assembly, somebody had mistakenly used a piece of 304L 
stainless. The interesting part is the fusion zone between 316L weld metal and 304L 
base metal. Figure 3 (5000x,  10%NaOH, 30 s electroetch) shows this area with a 
number of ferrite dendrites sticking out into space, where the austenite has been 
corroded. Figure 4 shows electron microprobe traces across the fusion zone for Ni, 
Cr and Mo. The variations in Ni content between the two phases are most extreme, 
15 and 5%; Cr varies between 15.8 and 19.2, Mo between 0.4 and 1.9. 

The following case concerns a severely attacked weld from a urea reactor. 
Figure 5 (10.5 ×)  shows the sawtooth structure, one end of each weld bead being 
attacked much more deeply than the other. Figure 6 (2500 x ,  oxalic electroetch) 
shows the top of a step; ferrite stands out and austenite is dissolved. Figure 7 (2500 ×, 
oxalic electroetch) is the bottom of a step; ferrite is dissolved and austenite remains. 
The reason for this becomes visible in Fig. 8 (1000 ×,  NaCN electroetch, 1 min, 25 A) 
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Flo. 4. Electronmicroprobe traces for Ni, Cr and Mo across fusion zone of Fig. 3. 

where the sigma phase is black. This is from the bot tom of the step and every ferrite 
grain contains sigma phase. 

The step-like structure of the weld indicates that each successive weld bead, as it 
was deposited, has transformed ferrite in the adjacent area of the previous weld bead 
into sigma phase. The relative ease of sigma phase corrosion will be discussed 
hereunder. 

The fourth case concerns another urea plant where deeply corroded 316L welds 
were replaced 6 y ago at the author 's  suggestion by Alloy 20 welds. These welds have 
suffered superficial corrosion, but no deep penetrations, and are still in place. 

DISCUSSION 

The application of the Huey test to urea equipment is far from appropriate, 7 as 
the Huey test has a low pH and a high oxidation potential, while urea synthesis has a 
high pH and a low oxidation potential. It  has been shown that stainless steel subject 
to intergranular corrosion in urea synthesis is not attacked intergranularly by the 
Huey test or several other ASTM intergranular corrosion tests, s 

The corrodibility of  sigma phase has been shown repeatedly, 9-11 but most often 
these cases refer to tests in nitric and sulfuric acids. Naumann x2 however has shown that 
sigma phase does dissolve in alkaline media, including aqua ammonia.  

The fact that ferrite is not responsible for high corrosion rates has already been 
mentioned elsewhere. 13 The misconception that ferrite corrodes in urea synthesis is 
probably due to the insistence upon using boiling nitric acid as a test medium for urea 
reactors. Ferrite dissolves much more easily in nitric acid than does austenite. 



FIG. 1. 

FIG. 2. 

316L weld metal, corroded in gas space of urea synthseis. Oxalic electroetch, 
I000 x .  

316L weld metal, corroded by urea reactor liquid. Oxalic electroetch, lO00 ×. 
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Fusion zone between 316L weld metal and 304L plate. Oxalic electroetch, 1000x FIG. 3. 

FIG. 5. Cross-section of 316L weld with stepwise corrosion, 10.5 x .  



FIG. 6. 
FIG. 7. 

Top of step in FIG. 5 with attack of austenite. Oxalic electroetch, 2500 x.  
Bottom of step in FIG. 5 with attack of ferrite. Oxalic electroetch, 2500 x.  



• ' " . : o" 

°" ~. 

FIG. 8. Bottom of step in FIG. 5. NaCN electroetch, 1 min, 0.25 A, I000 x .  
FIo. 9. Ferrite dendrite practically detached from the austenite matrix, 2500 x .  
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Fro. 10. 316L and 20Cb3 sigma phase "nodes".  

The reason for the greater resistance of ferrite in urea synthesis is as follows: 
Concentrated ammonia is an excellent solvent for many metal oxides, by means of 
complexing, 14 and as a result the passivity of  stainless steel is lost. I f  some water is 
present the bare stainless surface will be reoxidized by the dissociation of water, but 
the oxide so formed is redissolved by ammonia,  etc. Among the metals involved in 
the present case, Ni oxide dissolves at lowest ammonia  : water ratio, Cr oxide at a 
somewhat higher one, Fe oxide at a still higher one and Mo oxide is not complexed 
at all25 A striking example is shown in Fig. 9, where a ferrite dendrite remains intact 
while most of  the austenite around it is dissolved. 

I t  is obvious that ferrite tends to have a higher concentration of the ferrite-forming 
elements Cr and Mo, whilst austenite contains more Ni, hence the preferred attack 
of austenite. (Incidentally, this was confirmed also in the case of  wrought material.) 
At a point where 316L material was completely leached out by loss of  all the Ni and 
part  of  the Cr, a high purity ferritic 26CrlMo steel proved to be fully resistant. 
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Sigma phase area for 317 with 0.039 ~ N ;  for 0.145 ~ N  the curve falls entirely 
to the right of the graph. 
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In o rder  to avoid  the fo rmat ion  o f  s igma phase in a 316L weld, close balancing 
o f  the filler metal  would  be required.  A simpler  way however is to use Al loy  20 filler 
metal .  Ins tead of  forming sigma phase in 3 min,  it  takes nearly 40 rnin to form sigma, 
so tha t  it could not  possibly be formed dur ing welding (Fig. 10). 

Ano the r  approach  is to use high ni t rogen 316L. This mater ia l ,  a l though fully 
austenitic,  is not  subject to hot  cracking when welded. While  0-039%N 317 stainless 
forms s igma phase in a little over 1 min. in 0 .145%N 317 stainless no sigma is formed 
in 1000 h (Fig. 11). 1~ 
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