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Abstract

:

In this work, two industrial heating/cooling circuits are compared. One of the two systems failed in a short time showing severe corrosion damage and a through thickness crack close to one of the welds. The main difference between the circuits is the presence of a sodium molybdate-based corrosion inhibitor in the damaged one. The addition of these substances is very frequent in such applications, and they generally work very well in preventing serious corrosion attacks. Nevertheless, the technical literature reports other cases in which systems working with fluids containing such inhibitors failed prematurely. The authors performed a failure analysis of the damaged circuit focusing their attention on the regions where fluid leaks were observed because of through thickness cracks. This damage was located close to the pipe–flange weld. These zones were investigated by visual examination, radiographic and scanning electron microscope (SEM) analyses, metallographic observations by light optical microscope (LOM), Vickers micro-hardness tests and optical emission spectroscopy (OES) chemical analysis. The failure was related to the presence of severe pitting and crevice corrosion in the welded areas with the final activation of a further critical corrosion mechanism, i.e., stress corrosion cracking (SCC). In order to explain the shorter working life of the failed system, a physical model of the corrosion mechanisms acting on the two circuits was proposed.
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1. Introduction


The heating/cooling systems of large industrial plants usually employ water-glycol (ethylenic or poli-propylenic) solutions that flow in carbon steel pipes [1,2,3]. Aiming to preventing the pipes’ corrosion, sodium molybdate-based inhibitors are often added to the water-glycol solution [4], even if other chemicals can be used, such as tolyltriazole (TTA) or phosphonates [5,6]. Molybdate-based inhibitors are largely diffused since they also work very well when a significant amount of oxygen is present in water. These substances are very effective anodic inhibitors, even if their efficiency can be significantly reduced in specific service conditions [7]. The lack of oxidizing characteristics allows its mixing with a large number of organic compounds, promoting inhibition synergism. A low amount of second group metals is required in the solution in order to maximize the inhibitor’s efficacy. A molybdate-based inhibitor is often used to control microbiological growth because it is not a nutrient for microbes. It is compatible with the biocides commonly used in closed systems with ethylene and propylene glycols. In order to optimize its use, the pH value must be controlled periodically, and it should always be lower than 9 [8].



In the present work, the root causes of the localized corrosion (pitting, crevice and stress corrosion cracking) that occurred on welded joints of EN P235TR2 steel grade pipes [9] and EN P245GH steel grade flanges [10] are investigated and discussed. These components were installed in one of the two cooling circuits in a co-generation plant. The circuits were designed with the same geometrical characteristics and the same materials. The working temperature was kept between 55 °C and 90 °C, and the pressure was kept between 3 barg (gauge pressure) and 7 barg (gauge pressure). One important difference shall be remarked: a water-ethylenic glycol solution was used in Circuit n.1, whereas a sodium molybdate inhibitor was added to the same solution in Circuit n.2. According to the producer specifications, the inhibitor content was higher than 160 ppm. The initial sodium molybdate concentration was about 500 mg/L. Joanna Trela et al. [11] reported that its protective effectiveness is related to the construction of the protective layer. The presence of molybdate ions, in fact, generates an iron molybdate layer according to Reaction (1):


Fe + Mo42− → FeMo4 + 2e−



(1)







The iron molybdate is very stable and tends to replace the iron oxide (III) on the surface. Its regular and homogeneous arrangement is, finally, a very important characteristic to improve the protective effect significantly.



Nevertheless, after about one year, some leaks were observed in Circuit n.2. They increased gradually and extended to almost all the welded joints. Circuit n.1, however, worked without any problem. The present failure analysis is focused on some of the damaged joints, especially where evidence of pitting, crevice corrosion and stress corrosion cracking were detected clearly [12]. The corrosion mechanisms will be studied and discussed carefully. In the technical literature, in fact, only some information is available about the localized corrosion of carbon steels in contact with molybdate-based inhibitors [13,14].




2. Materials and Methods


The experimental investigation was carried out on two joints produced by welding between an EN P235TR2 steel pipe and an EN P245GH steel flange. They belonged to Circuit n.2, where some leaks were observed. The joint drawings are reported in Figure 1.



The investigation was carried out by means of visual examination, radiographic and scanning electron microscope (SEM) analyses, metallographic observations by light optical microscope (LOM), Vickers micro-hardness tests and optical emission spectroscopy (OES) chemical analysis. The radiographic tests were carried out using a Seifert® model Eresco 45MF4 X-ray source. The employed plates were Agfa® Gevaert D4, the tension and the current were 120 kV and 7.5 mA, respectively, and the exposure time was 36 s. The metallographic microscope was a Leica® model DM4000 with magnifications up to 1000×, and the stereomicroscope was a Leica® model M165C. The scanning electron microscope was a Tescan® model Vega3 equipped with an Oxford® EDXS probe model x-act to investigate the local chemical composition. Finally, the micro-hardness tests were performed on a Shimadzu® model HMV-2T testing machine.



After a careful visual inspection, both before and after a cleaning operation, the joints were subjected to a radiographic control concentrated on the welded areas. After the non-destructive examinations, samples were taken from the damaged components in order to observe the fracture surface using SEM and for the metallographic analysis of the welded zone. The cutting operation and the surface preparation were performed according to the standard metallographic technique in order to prevent any thermal modification of the steel: polishing was carried out by grinding papers up to 1200 grit and then 3 µm and 1 µm diamond cloths were used for the finishing operations. Micro-etching was performed by immersing the specimens in a Nital 2% solution (nitric acid (2%) + ethanol) for 15 s [15,16,17]. The micro-hardness tests, 300 gf for 15 s [16], were employed to study the base metal, heat-affected and welded zones on both the tube and the flange sides. Afterwards, chemical analyses of the pipes, the flanges and the fluids flowing in the cooling system were performed. The first analyses were carried out using optical emission spectroscopy (OES—Ametec-Spectro® model Spectrolab), while the second analyses were carried out by means of inductive coupled plasma mass spectroscopy (ICP-MS—Agilent® model 7850 ICP-MS).




3. Results and Discussion


3.1. Fractographic Analysis


The investigation was concentrated on Circuit n.2, where some leaks were detected. As reported in Figure 2, the outer surface displayed some cracks, both on the welded and the heat-affected zones. The inner surface, instead, showed a step on the whole circumference in the contact region between the welded parts. Figure 3 denotes the presence of many corrosion pits in the region next to the welding bead. Away from the welded zone, the inner pipe and flange surfaces are free from corrosion defects.



The radiographic investigation (Figure 4) revealed that the cracks observed on the outer surface extended through the whole thickness and were characterized by many branches. Further, the X-ray analysis demonstrated a critical welding defect, i.e., the lack of fusion along the whole circumference. These defects generated a narrow gap between the pipe and flange edges, enhancing the development of many corrosion pits with a size between 0.5 mm and 2 mm.



The observation of the fractured surfaces was performed using SEM on two areas: the first one is the region characterized by the step between the two welded edges, whereas the second one is close to the observed cracks. These analyses are shown in Figure 5 and Figure 6, respectively.




3.2. Chemical and Microstructural Analysis


The chemical analyses of the pipe and the flange steels were carried out using the OES technique. The results, reported in Table 1, are compliant with the EN 1092-1 and EN 10222-2 standards for the flange as well as the EN 10216-1 standard for the pipe.



Table 2 reports the chemical analysis of the fluid in the cooling system when the first leaks were detected. It was performed using the ICP-MS technique on samples taken in two different parts of the plant. It revealed acceptable values of the pH (very close to 7) and of the molybdate content (higher than 160 ppm as recommended by the producer). Only the iron content was particularly high because of the ongoing corrosion process. One of the sections taken in the cracked area was subjected to a metallographic investigation. The specimens were mirror polished according to the standard metallographic technique and then etched using Nital 2% reagent for 15 s. Using LOM, the specimens were observed both before and after chemical etching, as reported in Figure 7 and Figure 8.



The pictures in Figure 7 and Figure 8 showed that the crack path is both trans- and inter-granular with many secondary branches. From a microstructural point of view, both the base materials are prevalently ferritic, even if the flange ferrite content is slightly lower and its grain size is slightly finer than the pipe’s (15–20 μm and 25–40 μm, respectively) [17].



In the heat-affected and welded zones, both the flange and the pipe microstructures are characterized by ferrite and pearlite with morphologies different from the base metal’s because of the fast cooling rates. No bainite or martensite were detected. The metallographic analysis confirms the lack of fusion during the welding operation. The pipe surface next to the welding bead is covered by a 20–30 μm thick oxide, below which 10–30 μm deep corrosion pits are visible. Moreover, a 150 μm deep inter-granular crack was generated from one of them as shown in Figure 7d.



After the metallographic investigation, HV0.3 micro-hardness tests were performed on the etched section. The whole welded joint was considered, with particular attention to the base metal, heat-affected and melted zones. The results are reported in Figure 9. The base metal’s hardness is compatible with that of general-purpose steels such as the P235TR2 and P245GH grades. The heat-affected and welded zone data are higher than those of the base metal’s (but the difference is always lower than 100 HV), even if their values are justified by the thermal cycle induced by the welding operation.




3.3. Physical Model of the Observed Damage


The root cause of the leaks observed next to the welding bead was related to crevice corrosion and pitting, as demonstrated by the experimental analyses. The first mechanism was observed in the narrow gap between the flange and the pipe edges due to the lack of fusion during the welding operation. The second initiation mechanism was instead responsible for the defects located in the areas close to the welding bead.



Some authors [18,19,20,21] have studied the micro-mechanisms of pitting and crevice corrosion focusing their attention on the nano-porosity and stress induced by the release of one (or more) alloying element(s) during the corrosion process. The combination of these micro-defects and tensile stress can cause cracking phenomena, often related to particular crystallographic directions. There is general agreement on the beneficial effects of corrosion inhibitors, even if fast localized corrosion can start when the protective layer fails. This may happen both with inorganic and organic (such as silane, thiol, selenol and ABT) inhibitors. The use of organic molecules as corrosion inhibitors is also becoming increasingly popular because they are considered to have a lower environmental impact. The available data show that organic inhibitors protect metals by forming a film after having been absorbed on the metal’s surface [22]. However, as described in the technical literature [23], passive film breakdown can occur according to three main mechanisms, i.e., by film penetration, adsorption and breaking. In many cases, a combination of these mechanisms may activate depending on the metal/environment system. Reduced effectiveness and the breakdown of the protective film is one of the key points also described in the failure analysis since the damage occurred in the circuit where the corrosion inhibitor was added. The presence of localized micro- and nano-porosity can, in fact, work as a microscopic stress raiser that can amplify the effect of existing tensile stresses and, finally, induce and accelerate the onset of stress corrosion cracking.



This kind of corrosion is particularly severe and creates cracks often characterized by secondary branches. The crack path can be either trans- or inter-granular, and sometimes both the features are present. According to the literature, the stress corrosion cracking of steels occurs when three conditions are present:




	
Steel with a low carbon content;



	
A specific corrosive environment, usually weakly acidic or basic;



	
Tensile stresses due to external forces or residual stresses.








The most common SCC cases occur at temperatures higher than 30 °C and can be accelerated by the presence of chloride ions [24,25,26].



In the investigated failure, all the previous conditions are verified, but what is still not completely explained are the different behaviors of Circuits n.1 and n.2. Considering that the corrosive phenomena acting in the circuits, especially in the crevice zone, are many and complicated, the authors proposed a physical model to describe the fast damage development in Circuit n.2.



Assuming the same amount of oxygen dissolved in the working fluid, the same geometrical characteristics (in particular the presence of the crevice due to the lack of fusion) and the same stress conditions for both the systems, the main difference is the presence of the inhibitor in Circuit n.2. The corrosion phenomenon developed in Circuit n.1 can be described in the following points:




	
In Circuit n.1, initially, the oxygen present in the working fluid is in contact with the pipes’ inner surfaces. It can be assumed that it is present in the crevice as well. From a mechanical point of view, a tensile stress exists, mainly due to the residual welding stresses. The combination of these stresses and the crevice length can be described by the fracture mechanic parameter KI, the stress intensity factor, that allows a better understanding of the phenomena occurring in this zone.



The initial value of the stress intensity factor did not exceed the critical value KIC; otherwise, unstable fracture would have occurred immediately.



	
From time zero on, the corrosion of both the pipes’ inner surfaces and the crevice occurs because of the cathodic reaction of oxygen until, after a certain time, the oxygen at the crevice tip is totally consumed. The one in the remaining part of the system decreases too, but it is still present. In this moment, the conditions for crevice corrosion activation exist due to the different oxygen concentrations at the crevice tip and mouth. The pipes’ surfaces will show uniform or quasi-uniform corrosion, while the crevice depth will increase, leading to an increment of the applied stress intensity factor.



	
In the crevice zone, the corrosion is more severe because of the potential difference between the tip and the outer areas. As time passes, the amount of free oxygen in the circuit decreases since it is consumed by the electrochemical reactions with the steel pipes. Since the oxygen content is decreasing, the corrosion intensity at the crevice tip will also reduce gradually.



	
When the stress intensity factor increases, stress corrosion cracking can be activated. The technical literature [24] states that crack propagation can occur even when the applied KI values are lower or much lower than KIC if the environment is aggressive. In this condition, the crack propagation rate da/dt depends on the applied KI, as shown in Figure 10.








Two instances may occur:




	
KI ≥ KISCC. The stress corrosion phenomenon is activated and contributes to the final damage;



	
KI < KISCC. No SCC damage occurs.








	
When the oxygen is totally consumed by the reactions between the fluid and the pipe’s surface, the crevice effect is deactivated too. If the SCC phenomenon was started, the crack can grow according to the applied KI; otherwise, the corrosion phenomena stop. Finally, it is important to remark that the oxygen present in the circuit is consumed quickly because of the generalized corrosion occurring on the wide steel surfaces. This means that crevice corrosion can also work for a short time; hence, the onset of the SCC phenomenon is unlikely. The corrosion process can restart if new fluid is added in the circuit.






Circuit n.2 is characterized by the presence of the inhibitor. The main differences between Circuits n.1 and n.2 are described in the following points:




	
At time zero, it can be assumed that Circuit n.2 and Circuit n.1 have the same amount of oxygen in the fluid and that both the oxygen and the inhibitor are present in the crevice. As said before, it is possible to state that a stress intensity factor KI is applied due to the tensile stress induced by the welding operation.



Furthermore, in this case, this value is not over the critical stress intensity factor KIC; otherwise, unstable fracture would have occurred immediately;



	
From time zero on, the corrosion process can start in both the pipes’ surfaces and the crevice because of the cathodic reaction of oxygen. When the passivation occurs due to the formation of FeMoO4 [11], the corrosion aggression stops;



	
As described in the technical literature [26,27,28] and confirmed by the producer recommendations, the inhibitor’s efficacy decreases over time, and the amount present in the crevice cannot be replaced by that present in the fluid since it cannot circulate in the crevice freely [29,30,31]. When the protection finally disappears, crevice corrosion can start because of the different electrochemical conditions at the crevice tip and mouth. Differently from Circuit n.1, the outer oxygen content does not decrease or decreases very slowly, since it cannot react with the pipes’ surfaces that are now protected by the iron molybdate layer. The corrosion conditions can be worsened further because of the large potential difference between the pipes’ inner walls and the crevice tip. In fact, when a steel surface is protected by a molybdate layer, its nobility increases significantly [26], promoting critical corrosion phenomena;



	
During this severe corrosion attack, the crevice depth extended continuously. In comparison with Circuit n.1, it is possible to state that the stress intensity factor applied in Circuit n.2 increases faster and for a longer time, since the adherent iron molybdate layer present on the pipes’ inner surfaces prevents the total consumption of oxygen. The ongoing crevice corrosion extends the crevice length until the applied stress intensity factor can reach and exceed the material KISCC. As soon as this happens, the stress corrosion cracking phenomenon starts finally, justifying the shorter working life of Circuit n.2.








The described mechanisms can also explain the SCC cracks shown in Figure 7d. The iron oxide generated during welding prevented the correct formation of the molybdate-rich layer on the heat-affected zone surface. This generated a strong potential difference between this area and the neighboring zones where the inhibitor worked correctly. Under such conditions, pitting corrosion can activate, as demonstrated by the observed pits. Moreover, the local composition of the fluid changes according to the well-known phenomena associated with this corrosion type [32,33].





4. Conclusions


The leaks and cracks observed in the investigated cooling circuit were caused by stress corrosion cracking phenomena. The initiation mechanisms can be associated with crevice corrosion where the lack of fusion generated a narrow space and with the pitting where a residual amount of iron oxide scale prevented the correct formation of the protective iron molybdate layer. Moreover, next to the weld, the observed geometrical discontinuities (crevices, steps, oxide layers, and lack of fusion) caused some stagnation zones and turbulence of the working fluid. These factors hindered or even prevented the formation of the passive layer induced by the molybdate-based corrosion inhibitor. The key role played by the inhibitor is confirmed by the fact that only one of the cooling circuits failed.



A physical model was proposed to explain and justify the damage described in the present paper. It is compatible with other failures described in the technical literature, especially when a solution containing sodium molybdate-based inhibitor is employed. The presence of passivated surfaces, in fact, amplifies the severe corrosion phenomena occurring where the surface is not protected. This, in turn, activates stress corrosion cracking when sufficient stress is present. The investigation of such damage mechanisms could take advantage of the determination of the residual stresses induced by the welding and by the precise measurement of the geometrical defects, such as the one generated by the lack of fusion. Nevertheless, both these analyses can hardly be performed, since residual stress determination is very complicated when the fluid is circulating; even if the plant is stopped, the test cannot be carried out easily because of the component geometry. In addition to the previous observations, the residual stresses acting in the inner part of the pipes and flanges cannot be measured without cutting the welded joint. Furthermore, the determination of the depth of possible geometrical defects due to the welding operation is challenging since it cannot be examined on-site accurately. In order to investigate the interaction between one inhibitor (not necessarily molybdate-based), the presence of narrow geometrical defects and the corrosion rate and type, one or more laboratory systems should be prepared after a careful study of the geometrical and experimental conditions. These things considered, in the case of circuits working in an industrial environment, some recommendations can help the circuit manufacturer prevent the serious corrosion damage described in this work: The welded zone must be free of defects, especially the ones that can generate narrow spaces and geometrical discontinuities on the inner surfaces of the cooling circuit. After welding, a stress relieving treatment can improve corrosion resistance since the residual stresses are completely removed. Moreover, a periodic and standardized control of the working solution chemical composition should be performed in order to guarantee that the inhibitor content is higher than the minimum amount suggested by the producer. Such controls are also useful to determine the amount of free iron that can be easily related to possible ongoing corrosion processes.
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Nomenclature




	BM1
	Base metal—Pipe side



	HAZ1
	Heat-affected zone—Pipe side



	MZ1
	Melted zone—Pipe side



	BM2
	Base metal—Flange side



	HAZ2
	Heat-affected zone—Flange side



	MZ2
	Melted zone—At the crevice tip



	HV0.3
	Micro-hardness value—Load equal to 300 gf



	SCC
	Stress corrosion cracking



	KI
	Stress intensity factor in Loading mode I



	KIC
	Fracture toughness in Loading mode I



	KISCC
	Critical stress intensity factor under SCC conditions



	da/dt
	Crack growth rate
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Figure 1. Drawings of the two types of welded joints under investigation. In Figure (a,b), the welded zones are in red. The thickness of the pipes is 5 mm, and the outer diameters are 110 mm (a) and 100 mm (b). The lengths of the two parts taken from Circuit n.2 are about 500 mm. 
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Figure 2. Outer and inner surfaces of the two types of welded joints under investigation. Cracks next to the welding bead are clearly visible in pictures (a,c). Pictures (b,d) show the lack of fusion and the step in the contact region between the welded parts. 
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Figure 3. Joints’ inner surfaces after cleaning. Pictures show the step between the welded edges; pitting and crevice corrosion are highlighted with red and orange arrows, respectively. 
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Figure 4. X-ray analysis. Welds are characterized by lack of fusion that generated crevice corrosion between the pipe and flange edges (orange arrows). Branched cracks are visible in welded area and heat-affected zone (red arrows). 
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Figure 5. SEM investigation of the region characterized by the step between the two welded edges. Picture (a) shows lack of fusion and crevice. Picture (b) shows some of the observed corrosion pits. 
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Figure 6. SEM analysis of one cracked area. Cracks are characterized by many branches and corrosion cavities. Images (b,c) are magnifications of picture (a). 
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Figure 7. Metallographic analysis of one cracked region. All the cracks have a high number of secondary branches. Pictures (a,b) are magnifications of Zone 1, and pictures (c,d) are magnifications of Zone 2. 
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Figure 8. Metallographic analysis of one cracked region after etching using Nital 2% reagent. Bainitic microstructures characterize the heat-affected and melted zones. A branched crack is clearly visible at the crevice tip (MZ2). 
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Figure 9. HV0.3 micro-hardness values obtained in the base metal and the heat-affected and welded zones. The micro-hardness values in the heat-affected and melted zones are higher than those of the base metal’s according to the observed microstructure shown in Figure 8. 
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Figure 10. Relation between the stress intensity factor and the crack growth rate. 
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Table 1. Chemical analyses of the investigated steels.
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	%C
	%Si
	%Mn
	%P
	%S
	%Cr
	%Cu
	%Mo
	%Nb
	%Ni
	%Ti
	%V
	CE





	Flange 1
	0.17
	0.36
	1.29
	0.025
	0.015
	0.01
	0.02
	0.001
	<0.0003
	0.01
	0.003
	0.02
	0.39



	Flange 2
	0.20
	0.18
	0.39
	0.024
	0.009
	0.03
	0.01
	0.002
	<0.0003
	0.01
	0.004
	0.01
	0.27



	P245GH

EN 10222-2
	0.08

0.20
	0.40

Max
	0.50

1.30
	0.025

Max
	0.015

Max
	0.30

Max
	0.30

Max
	0.08

Max
	0.01

Max
	0.30

Max
	0.03

Max
	0.02

Max
	0.41

Max



	Pipe 1
	0.09
	0.20
	0.53
	0.016
	0.003
	0.13
	0.17
	0.06
	<0.0003
	0.15
	0.002
	<0.0003
	0.24



	Pipe 2
	0.08
	0.24
	0.42
	0.015
	0.002
	0.09
	0.15
	0.03
	<0.0003
	0.07
	0.002
	0.007
	0.19



	P235TR2

EN 10216-1
	0.16

Max
	0.35

Max
	1.20

Max
	0.025

Max
	0.015

Max
	0.30

Max
	0.30

Max
	0.08

Max
	0.01

Max
	0.30

Max
	0.04

Max
	0.02

Max
	---
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Table 2. Chemical analysis of two samples taken from the solution present inside the cooling Circuit n.2.
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	Al [ppm]
	Ca

[ppm]
	Mg

[ppm]
	Fe

[ppm]
	Cu

[ppm]
	Zn

[ppm]
	Cl−

[ppm]
	Molybdates

[ppm]
	Ethylene Glycol

[Wt%]
	pH





	Sample 1
	0.4
	107
	15
	29.8
	0.3
	0.3
	57
	481
	27
	7.3



	Sample 2
	0.7
	90
	13
	32.1
	0.2
	0.4
	48
	503
	28
	7.0



	Reference values
	5

Max
	150

Max
	50

Max
	5

Max
	2

Max
	3

Max
	250

Max
	160

Min
	25

Min
	6.5

7.5
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