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Abstract

:

A new high-nitrogen austenitic stainless steel with excellent mechanical properties was tested for its resistance to stress corrosion cracking. The new conventional produced hybrid CrNiMnMoN stainless steel combines the excellent mechanical properties of CrMnN stainless steels with the good corrosion properties of CrNiMo stainless steels. Possible applications of such a high-strength material are wires in maritime environments. In principle, the material can come into direct contact with high chloride solutions as well as low pH containing media. The resistance against chloride-induced stress corrosion cracking was determined by slow strain rate tests and constant load tests in different chloride-containing solutions at elevated temperatures. Resistance to hydrogen-induced stress corrosion cracking was investigated by precharging and ongoing in-situ hydrogen charging in both slow strain rate test and constant load test. The hydrogen charging was carried out by cathodic charging in 3.5 wt.% NaCl solution with addition of 1 g/L thiourea as corrosion inhibitor and recombination inhibitor to ensure hydrogen absorption with negligible corrosive attack. Slow strain rate tests only lead to hydrogen induced stress corrosion cracking by in-situ charging, which leads to total hydrogen contents of more than 10 wt.-ppm and not by precharging alone. Excellent resistance to chloride-induced stress corrosion cracking in 43 wt.% CaCl2 at 120 °C and in 5 wt.% NaCl buffered pH 3.5 solution at 80 °C is obtained for the investigated austenitic stainless steel.
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1. Introduction


Highest strength combined with excellent corrosion resistance are key requirements for most applications in the oil and gas industry. Nevertheless, there is an increased susceptibility to hydrogen induced stress corrosion cracking (HISCC) and chloride-induced stress corrosion cracking (Cl-SCC) with increasing strength [1]. For this reason, established alloying concepts today are mostly limited to CrMnN steels and CrNiMo steels. CrMnN stainless steels alloys usually achieve excellent mechanical properties through solubility hardening, but are known to be susceptible to hydrogen embrittlement (HE) and stress corrosion cracking (SCC) [2]. CrNiMo stainless steels show excellent resistance to hydrogen embrittlement and to stress corrosion cracking, but they often do not have adequate mechanical properties. Some unstable austenitic stainless steels show strain-induced martensite formation at increased plastic deformation, which again leads to increased susceptibility to hydrogen embrittlement [3]. This paper deals with the resistance of a new hybrid CrNiMnMoN stainless steel that combines the excellent mechanical properties of CrMnN stainless steels with the good corrosion properties of CrNiMo stainless steels. Cr, Mo and N provide the corrosion resistance to pitting and crevice corrosion, Ni increases the resistance to Cl-SCC. Mn is used to increase strength and nitrogen solubility and N provides additional strength.



To determine the resistance to hydrogen embrittlement and stress corrosion cracking, slow strain rate tests (SSRTs) [4,5,6] and constant load tests (CLTs) [7,8] are mostly used. It is only by determining characteristic values from both tests that the resistance of the material can be sufficiently characterized [7,9]. Resistance to hydrogen embrittlement is in most cases achieved by testing samples pre-charged or in-situ charged with hydrogen at room temperature. Pre-loading leads to a constant level of hydrogen when the correct charging method is used, but also to hydrogen effusion during mechanical loading. In-situ charging, on the other hand, leads to an increase in the hydrogen content of the sample during the test [10,11]. Alternative methods used are the electrolytic coating of charged samples with cadmium [6] or zinc [7] to stop hydrogen effusion. However, this results in an accumulation at the interface between metal and coating. The resistance to anodic stress corrosion cracking of stainless steels is proven at higher temperatures and in more aggressive media.



From the point of view of possible damage areas of stainless steels, two categories can be roughly divided. On the one hand, damage caused by hydrogen in the cathodic potential range (HE or HISCC) and damage caused by corrosion in the anodic potential range (SCC or Cl-SCC) [9,12,13,14,15].



In the case of HISCC, damage is caused by hydrogen, which in most cases is formed on the metal surface by electrochemical processes and diffuses to the crack tip under tensile stress. Fundamental mechanisms which explain the damage are the hydrogen enhanced localized plasticity (HELP), hydrogen enhanced decohesion embrittlement (HEDE), adsorption induced dislocation emission (AIDE). Lynch describes prerequisites, strengths and weaknesses of each mechanism very detailed in [16].



In contrast to carbon steels, austenitic stainless steels show a much better resistance to HISCC. This is mainly due to their face-centred cubic lattice, which has a higher solubility for hydrogen and consequently a lower diffusion coefficient of hydrogen in the lattice. New studies underline the effect of microstructure on HISCC resistance. Martensitic and duplex stainless steels are more susceptible than austenitic stainless steels [17,18,19]. The martensitic lattice is highly stressed and has a lower solubility for hydrogen and a ferritic-austenitic mixed lattice has the problem of high solubility in the austenitic phase and the ferritic phase is in direct contact with high hydrogen concentrations at phase boundaries. As a result, the threshold hydrogen contents for HISCC of high-strength carbon steels are in the range of 1–3 wt.-ppm [20,21,22]. Hydrogen threshold values for austenitic stainless steels are usually between 10 and 50 wt.-ppm, whereas the values for martensitic and duplex stainless steels can be significantly lower [3,11,23].



On the other hand, anodic stress corrosion cracking can occur at the boundaries of the passive area, with the most common type of damage occurring near or at the pitting corrosion potential due to the presence of chloride ions. Material damage at such potentials is usually caused by localized corrosive attack of slip steps, while repassivation is strongly limited, and by additional hydrogen formation at the cathodic areas of the local corrosion element. The recognised damage mechanism is the slip dissolution model, where the preferred metal dissolution occurs in bare slip steps [24]. Further special forms of SCC are caused by pitting and acidification of the hole bottom and crack initiation of sensitised stainless steels as a result of intergranular attack, which is known as intergranular stress corrosion cracking (IGSCC) [25].



The aim of this work is to characterise the resistance to HISCC and Cl-SCC of a new high-strength, highly corrosion resistant CrNiMnMoN stainless steel and to point out the importance of material testing in the cathodic and anodic potential range.




2. Materials and Methods


A high-nitrogen austenitic stainless steel was used for the tests. The material was melted in an electric arc furnace, cast into billets, hot rolled into 9 mm diameter wire and then cooled in air. Small tensile test specimens with a diameter of 3 mm and a gauge length of 25.4 mm (Figure 1) and samples with 30 × 6 × 6 mm in the form of a cuboid were eroded and machined from the wire material.



The surface finish of all samples used in the tests were as machined and cleaning was performed by ultrasonic cleaning in acetone twice for five minutes each time. The investigated material is a low carbon austenitic stainless steel X3CrNiMnMoN27-14-6-3 with a nitrogen content of 0.7 wt.%. The hydrogen content in the base material is 3.76 wt.-ppm and was measured with hot carrier gas extraction in a conductivity cell at 950 °C.



The ultimate tensile strength is 1050 MPa and the yield strength is 620 MPa. Microstructure after polishing and electrolytic etching in 10 wt.% oxalic acid is shown in Figure 2. The material is fully austenitic with an average grain size of approximately 15 µm. The pitting resistant equivalent number (PREN) of the material says that it is a superaustenitic stainless steel with PREN 48.1 [26,27].


PREN = wt.% Cr + 3.3 wt.% Mo + 16 wt.% N



(1)







The critical pitting temperature in 6 wt.% FeCl3 plus 1 wt.% HCl according to the ASTM G48 method C was measured to be above 90 °C.



2.1. Hydrogen Charging


The hydrogen charging serves as a partial step to determine the resistance to HISCC. The samples were cathodically charged under the following conditions (Table 1).



Cathodic charging is the most effective way to achieve an appropriate amount of hydrogen in austenitic steels when testing against HISCC [11,28]. Thiourea acts both as a recombination inhibitor and as a corrosion inhibitor and thus brings the effect of increased hydrogen absorption, but also of reduced corrosion attack. The total hydrogen content was determined by carrier gas hot extraction in a thermal conductivity cell at 950 °C. Two different current densities were selected to achieve different hydrogen contents and to set a possible saturation, the respective experiments were carried out for different times.




2.2. SSRT


The SSRT test is used as an accelerated test method to determine the properties of a material against HISCC and Cl-SCC. When using SSRT, it is important to select the strain rate within a certain range, as there can be drastic influences on the measurement results due to various mostly diffusion-controlled processes. Kim and Wilde [29] have shown in their work that SCC only occurs at medium strain rates and HISCC occurs at medium to low strain rates. The selected test conditions should reflect damage areas of stainless steels of practical relevance. The conditions for HISCC were chosen to test hydrogen contents in the range of the threshold concentrations from literature, while the conditions for Cl-SCC reflect test media with increasingly aggressive conditions, which are relevant for example in the oil and gas production (Table 2).



To provide comparative values, SSRTs were additionally performed in air at room temperature (RT) and in glycerine at 80 and 120 °C. SSRTs were performed on a universal testing machine of type Beta RV. For the HISCC tests in-situ hydrogen charging was used with a constant current density using a platinum mesh as counter electrode. For the Cl-SCC measurements at open circuit potential the chloride solution temperature was controlled by a heated double walled vessel with an external thermometer and water cooling was used to prevent the test medium from evaporating.



The SCC susceptibility index can be calculated by the elongation ratio (RE), which compares elongation under inert conditions (Ei) with elongation in the aggressive environment (Ea),


Elongation Ratio RE = Ei/Ea



(2)




or by the reduction in area ratio (RRA) (ratio of reduction in area under inert conditions (RAi), divided by reduction of area in the aggressive environment (RAa), which can be described as followed:


Reduction of Area Ratio RRA = RAi/RAa



(3)








2.3. CLT


CLTs are used to determine threshold stresses, which have more practical relevance than SSRTs, but are much more time consuming than SSRTs. These tests are carried out under constant load at a certain percentage of the yield strength, thus producing a condition that comes close to reality. However, the test duration is much longer than the SSRT tests and therefore only a few selected media were investigated (Table 3). The limit time was chosen to be 510 h, as it can be assumed that breaking only occurs in this time range and for longer times material can be called resistant to SCC. Different test stresses were applied at 80, 100 and 120% of the YS each.



CLTs were performed on a lever apparatus with the same glass cells as described in Section 2.2. The applied force was measured by a load cell before each test. The CLTs were monitored with a time lapse camera. One image per hour of testing time was made and the time to failure was determined by evaluation of the camera images, whereby the last image on which the sample has not yet broken plus half an hour was taken as time to failure to achieve an accuracy of 30 min.





3. Results


3.1. Hydrogen Charging


Figure 3 shows the total hydrogen content after different charging times. After 7 days, a plateau value is reached, which increases only slightly after longer periods. With increased current density, higher hydrogen contents can be reached. After evaluation of several reference samples, it can be seen that there are greater deviations at higher hydrogen contents and, therefore, the scattering bars are given with 5%.




3.2. SSRT


The SSRT results of the hydrogen charged and the inert conditions are shown in Figure 4. The test at an in-situ charging current density of 1 mA/cm2 shows an embrittlement index of 0.85 for the elongation value and 0.86 for the reduction in area value and at a magnification of 6 clearly recognizable HISCC indicated by additional cracks parallel to the fracture surface and a reduced reduction of area (Figure 4b) compared to the inert conditions (Figure 4a). A more pronounced behaviour can be seen at an increased current density, with an embrittlement index of 0.65 for RE and 0.43 for RRA, while the sample without in-situ charging does not show any embrittlement.



In Figure 5 and Figure 6, the fracture surfaces of the air-tested and the hydrogen-charged specimen are compared. The air sample shows a ductile behaviour over the whole fracture surface, evident from the characteristic dimples. The SSRT with in-situ hydrogen charging led to cracks from the outside to the centre of the sample. The fracture surface can therefore be divided into three main parts of hydrogen attack. First, a brittle part near the surface of the sample with mainly transgranular hydrogen induced cracks (Figure 6b,c). In the centre of the sample there is a part with flat and regular dimples, which is also intended to be a hydrogen effect coming from lower hydrogen concentrations (Figure 6f) and in between the transition zone (Figure 6e).



Looking at the SSRT results in Figure 7, best resistance can be seen in 43 wt.% CaCl2, at 120 °C and in a buffered 5 wt.% NaCl solution with pH 3.5 at 80 °C. In these two cases, no Cl-SCC can be seen stereomicroscopically and the embrittlement index is higher than 0.8, which means hardly any embrittlement. Significant embrittlement occurs when testing the material in 42 wt.% MgCl2 at 120 °C. Clear Cl-SCC can be seen and the embrittlement index is below 0.2, which means a high susceptibility to SCC in this environment.



The fracture surfaces of the Cl-SCC samples are shown in Figure 8, Figure 9, Figure 10 and Figure 11. The fracture surface of the SSRT in the buffered 5 wt.% NaCl solution at 80 °C and the SSRT in the 43 wt.% CaCl2 solution at 120 °C show very similar behaviour as the inert sample. All three fracture surfaces show deformation lines on the outer surface and a characteristic dimple structure over the whole fracture surface. Clearly recognizable SCC only occurs in MgCl2 at 120 °C, which leads to mainly intergranular cracks at the edge of the sample and to both inter- and transgranular cracks in the centre of the sample.




3.3. CLT


The CLT with simultaneous hydrogen charging did not lead to any breakage even under the highest load (1.2 × YS). Looking at the results from the CLTs at higher temperatures, no embrittlement is observed in the buffered 5 wt.% NaCl, pH 3.5 solution and in 42 wt.% MgCl2 at 120 °C, failure only occurs at higher loads. Table 4 shows the results for the time to failure of the CLTs.





4. Conclusions


Following conclusions can be drawn from this work:




	
The excellent mechanical properties of high-strength CrMnN stainless steels and high corrosion resistance of CrNiMo stainless steels can be combined by the development of CrNiMnMoN stainless steels. A new X3CrNiMnMo27-14-6-3 stainless steel was produced by conventional melting in an electric arc furnace followed by argon oxygen decarburization treatment, billet casting and hot rolling.



	
Cathodic hydrogen charging in neutral solutions with the addition of thiourea leads to hydrogen values up to 25 wt.-ppm, which does not lead to failure when testing with constant load at 1.2 times the yield strength.



	
SSRTs only lead to HISCC when charged in-situ with total hydrogen contents of more than 10 wt.-ppm and not by precharging alone.



	
SSRTs are much more severe than CLTs for testing the resistance to HISCC.



	
Excellent resistance to Cl-SCC in 43 wt.% CaCl2 at 120 °C and in 5 wt.% NaCl buffered pH 3.5 solution at 80 °C is obtained for the investigated stainless steel.



	
Markedly reduced elongation and reduction in area is obtained in 42 wt.% MgCl2 at 120 °C by inter—and transgranular SCC.



	
The new X3CrNiMnMo27-14-6-3 stainless steel tolerates hydrogen contents of up to 25 wt.-ppm and can be used in 5% NaCl buffered pH 3.5 solution at 80 °C as well as in 43% CaCl2 at 120 °C.









5. Discussion


Based on the results of the hydrogen charging, it was found that it is necessary to carry out a precharging before the start of the experiment, otherwise the SSRT would be carried out with a variable hydrogen content of the specimen. Precharging alone does not lead to embrittlement, thus confirming the assumption that in-situ hydrogen charging is much more aggressive and more suitable for performing HISCC tests. Damage only occurs with continued charging and shows the characteristic embrittlement behaviour of an austenitic material above hydrogen contents of 10 wt.-ppm [30]. In case of hydrogen embrittlement, it is particularly noticeable that there is a high degree of embrittlement at the edge, which decreases towards the centre of the sample. This can be explained by the concentration gradient of hydrogen in the material, which is predominant as a result of the low diffusion rate during in-situ hydrogen charging and has been shown earlier by Herms, Olive and Puiggali [30] for an austenitic stainless steel of type 316 L. Due to the significant embrittlement at total hydrogen contents of 25 wt.-ppm and the obvious presence of a hydrogen concentration gradient, there are significantly higher local hydrogen contents at the surface, which lead to a brittle cracking. Omura et al. [3] have published a critical surface hydrogen concentration of 2000 ppm for high-nitrogen steels.



There is no cracking or visible embrittlement after testing at a constant load, while SSRT has shown embrittlement. Consequently, under given conditions, SSRT can be considered more severe than CLT. This is due to higher stresses up to UTS during SSRT.



Because of its high Ni content, the material shows good resistance to Cl-SCC. Nickel contributes to the formation of fine slip steps and thus to improved repassivation behaviour [31].



The high-nitrogen content also gives the material a high resistance to pitting corrosion, which can often be a trigger for SCC [32]. Toppo et al. [33] have also shown in their work that austenitic stainless steels with high-nitrogen contents are more resistant to pitting and thus increase SCC resistance by preventing the formation of cracks starting from pits.



The threshold stress for SCC initiation determined by CLT for the high-nitrogen steel is about 500 MPa, while other austenitic stainless steels often show significantly lower threshold stresses. The X2CrNiMo18-14-3 steel, which is comparable to the familiar 316 L, shows a threshold stress of 290 MPa in 45 wt.% MgCl2 at 120 °C [34]. Through this work it is clear that it is essential to know the areas of vulnerability of a material and to test it in those areas to ensure safe use. Resistance to stress corrosion cracking must therefore be ensured for an austenitic stainless steel not only for anodic SCC, but also for cathodic SCC due to hydrogen.
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Figure 1. Tensile test sample. All measurements in mm, roughness in µm. 






Figure 1. Tensile test sample. All measurements in mm, roughness in µm.



[image: Metals 10 01541 g001]







[image: Metals 10 01541 g002 550] 





Figure 2. Microstructure after electrolytic etching in 10 wt.% oxalic acid. 
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Figure 3. Hydrogen charging results for two different current densities, both at room temperature. 
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Figure 4. HISCC results for different charging methods and optical microscopy of selected samples after SSRT testing: (a) Air, RT (b) 3.5 wt.% NaCl + 1 g/L CH4N2S, 1 mA/cm2, RT (c) 3.5 wt.% NaCl + 1 g/L CH4N2S, 10 mA/cm2, RT. 
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Figure 5. Fracture surface of the SSRT in air at room temperature without hydrogen charging: (a) ductile fracture appearance over the whole surface, (b) dimple structure at the edge of the sample, with clearly visible lines of deformation on the outer surface of the sample, (c) pure ductile structure in the center of the sample. 
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Figure 6. Fracture surface of the 10 mA/cm2 in-situ hydrogen charged SSRT at room temperature: (a) markedly reduced reduction in area and visible cracks from the surface to the centre, (b) hydrogen induced cracking at the edge of the sample, (c) transgranular cracking with minor amounts of intergranular cracks, (d) transitions from the hydrogen induced cracking to a more ductile part in the centre of the sample, (e) transition zone between hydrogen induced cracking and ductile fracture with some dimples, (f) flat dimples in the centre of the sample. 
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Figure 7. Cl-SCC results for different solutions and optical microscopy of selected samples after SSRT testing: (a) Glycerine, 120 °C, (b) 5 wt.% NaCl pH 3.5, 80 °C, (c) 43 wt.% CaCl2, 120 °C, (d) 42 wt.% MgCl2, 120 °C. 
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Figure 8. Fracture surface of the inert SSRT at 80 °C: (a) ductile appearance over the whole fracture surface and visible deformation lines on the outer surface of the sample, (b) pure ductile structure at the edge of the sample, (c) deep dimples at the centre of the fracture surface. 
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Figure 9. Fracture surface of the SSRT in 5 wt.% NaCl buffered to pH 3.5 at 80 °C: (a) pure ductile fracture surface without visible cracking, (b) ductile structure at the edge of the sample, (c) ductile dimples in the centre of the sample. 
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Figure 10. Fracture surface of the SSRT in 43 wt.% CaCl2 at 120 °C: (a) no visible Cl-SCC at the fracture surface, (b) ductile structure at the edge of the sample, (c) dimple structure at the centre of the sample without visible cracks. 
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Figure 11. Fracture surface of the SSRT in 42 wt.% MgCl2 at 120 °C: (a) markedly reduced reduction in area and visible stress corrosion cracking, (b) mainly intergranular stress corrosion cracking at the edge of the sample, (c) inter- and transgranular cracking in the centre of the sample. 
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Table 1. Hydrogen Charging Conditions.






Table 1. Hydrogen Charging Conditions.





	Medium
	Thiourea

(g/L)
	Current Density

(mA/cm2)
	Temperature

(°C)





	3.5 wt.% NaCl
	1
	1
	23



	3.5 wt.% NaCl
	1
	10
	23
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Table 2. SSRT Conditions.
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	Medium
	Precharging
	Strain Rate

(1/s)
	Temperature

(°C)





	Air
	1 mA/cm2, 3 days
	2 × 10−6
	23



	3.5 wt.% NaCl + 1 g/L CH4N2S
	1 mA/cm2, 3 days
	2 × 10−6
	23



	3.5 wt.% NaCl + 1 g/L CH4N2S
	10 mA/cm2, 3 days
	2 × 10−6
	23



	Buffered 5 wt.% NaCl, pH 3.5
	No
	2 × 10−6
	80



	43 wt.% CaCl2
	No
	2 × 10−6
	120



	42 wt.% MgCl2
	No
	2 × 10−6
	120
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Table 3. CLT Conditions.






Table 3. CLT Conditions.





	Medium
	Precharging
	Temperature

(°C)





	3.5 wt.% NaCl + 1 g/L CH4N2S
	10 mA/cm2, 3 days
	23



	Buffered 5 wt.% NaCl, pH 3.5
	No
	80



	42 wt.% MgCl2
	No
	120
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Table 4. CLT Results for HISCC and Cl-SCC Conditions.
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Medium

	
Stress

(MPa)

	
Stress Ratio

(-)

	
Time to Failure

(h)






	
3.5 wt.% NaCl + 1 g/L CH4N2S, 10 mA/cm2, 3 d precharging + continued charging during CLT

	
744

	
1.2

	
-




	
Buffered 5 wt.% NaCl,

pH 3.5, 80 °C

	
439

	
0.8

	
-




	
559

	
1.0

	
-




	
679

	
1.2

	
-




	
42 wt.% MgCl2, 120 °C

	
439

	
0.8

	
-




	
559

	
1.0

	
179




	
679

	
1.2

	
7
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