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Failure analysis of typical materials in pressure vessels
1. [bookmark: _Toc61380811]Introduction
Pressure vessels are more and more closely connected with the national economy and People's Daily life. Pressure vessels are used in almost all fields, from nuclear vessels to medical cooking POTS and household gas tanks. The operating conditions of many parts of pressure vessels are very strict, often accompanied by the influence of high pressure, high temperature, high stress, high dangerous medium and corrosive conditions. Accidents caused by the failure of pressure vessels are usually accompanied by leakage and explosion, etc., and even more serious will cause explosion, fire, gas diffusion and personnel migration and other large-scale phenomena, sometimes it will also cause environmental changes and air pollution, which is a great loss for the country and people. Therefore, it is necessary to increase the research on pressure vessels, standardize the use process, regular inspection and supervision inspection are the main means to reduce the occurrence of accidents. To overcome structural weaknesses, circular or hemispherical ends will rarely be installed. The geometry of the container ultimately depends on the type of application. However, regardless of the type of pressure vessel, the vessel should consist of a combination of a closing head, housing, opening, some functional accessories, nozzles and supports [1].
Xingye Su [2] takes the locking hopper of coal chemical industry as an example, and introduces the key steps and technologies of fatigue analysis of pressure vessels based on Workbench platform.
Chong Xu [3], based on the most advanced standards and using computer technology, completed the failure simulation of defects, and proposed a new method to calculate the remaining life and define the safety margin. Tamara GOLUBOVIC ́ [4] introduced a new method based on pressure vessel integrity assessment of the risk. That is, the risk matrix is defined as usual, and the probabilities are divided into two parts to emphasize the effects of human factors and major defects. To this end, the Failure Assessment Drawing (FAD) is used here as a simple engineering tool to estimate the probability of failure due to material defects. The probability of failure based on human factors is estimated based on surveys (with operators and managers) conducted at the pressure vessel location and in the company where the vessel is located. A new risk-based structure assessment has been completed, based on simple standard procedures or by using more complex procedures (API 581, RIMAP). For example, cylindrical tanks for compressed air are analyzed.
Petitpas, G. and Aceves, S.M. [5] have simulated sudden hydrogen expansion from cryogenic pressure vessels. The model takes into account the states, the actual gas equations for single-phase and two-phase flows, and the specific "container within a container" geometry for cryogenic vessels. The results show that the cryogenic pressure vessel may have a safety advantage over the compressed hydrogen vessel, because the hydrogen is first released into the intermediate chamber and then to the external environment. It works at much lower temperatures, so hydrogen has less energy.
M.L.A. Graca [6] et al. conducted a fault analysis in a 300M steel pressure vessel, which failed during pressure testing. Fracture occurs suddenly at the expected pressure level below the standard pressure. Based on the results of various inspections, it can be concluded that hydrogen-assisted stress corrosion cracking is the cause of this failure. The root cause of this failure has been determined, setting the stage for modifying the test program in a similar component.
Based on the concept of plastic limit load at high temperature, Xianhedu [7] proposed a numerical method to evaluate the plastic limit load of 9Cr-1Mo steel pressure vessel structure with a volume fraction of 650 degrees. The results show that the plastic limit load and service life of pressure vessel structure at high temperature are sensitive to the volume defect rate, and can be easily determined by fitting formula, which is convenient for engineering application.
P. Kannan [8] studied the growth of surface cracks in pressure vessels in order to study the possibility of forming stable cracks through thickness during service and causing leakage before failure. If this prior leakage occurs, it is possible to prevent container failure. A simplified approach was then used to evaluate the pre-rupture leakage or failure of a defective pressure vessel and validated by comparing existing test data.
Christopher J. Evans [9] et al. used nonlinear finite element analysis (FEA) to determine the failure pressure and failure position of pressure vessels. The research method is to predict the pressure vessel failure point by determining the pressure and location at which the total mechanical strain exceeds the actual elongation limit of the material. The components of symmetric and asymmetric shapes are analyzed to determine the failure pressure and location. Data is then collected by testing each pressure vessel to determine its actual failure pressure.
Nidhi Dwivedi [10] et al. introduced that finite element analysis is an extremely powerful tool for pressure vessel analysis. The arc-length method can be used to estimate the failure location based on the average equivalent plastic strain over the entire thickness. Combined with arc length method and restart analysis, the plastic failure load of pressure vessel is calculated. The stress concentration occurs at the intersection area of the vessel, and the length of the vessel and nozzle will affect the flexibility factor. The double elastic slope method for determining the ultimate load is conservative. The failure criterion based on deformation can be used to predict the failure pressure and failure location of cylindrical pressure vessels.
2. [bookmark: _Toc61380812]Chromium-molybdenum steel pressure vessel
[bookmark: _Hlk61278688]Chromium-molybdenum steel is mainly an alloy composed of chromium, molybdenum, iron and carbon. Chromium-molybdenum steel can enhance its strength and creep limit at high temperature, and has significant effect on hydrogen corrosion resistance and endurance at high temperature. Chromium-molybdenum steel has special properties, such as excellent quenching performance, which is not the simple surface quenching on the market at present. It has a small tendency of tempering brittleness, good processing performance at high temperature, and looks better after processing. The welding performance of Chromium-molybdenum steel is very excellent, and the impact absorption capacity is also very good [11]. If you hit it with a hammer, it bounces, so it can't be damaged easily. Therefore, its processing capacity and impact absorption capacity are excellent, and it is relatively easy to weld [12].
	The basic properties of chromium-molybdenum steel：
(1) heat resistance. The improvement of high temperature oxidation resistance and strength of chrome-molybdenum steel is mainly due to the addition of aluminum, chromium and other elements. The mechanism is as follows: the solid solution strengthening of aluminum is related to the ferrite in the steel, which improves the stability of carbide; The chromium in cementite prevents graphitization from occurring. 
(2) hydrogen corrosion resistance. It has been shown in the heat resistance that chromium and aluminum elements improve the stability of carbide and greatly reduce the possibility of the reaction of precipitated C and H to generate methane. Vanadium can keep fine grain structure in high temperature environment and improve hydrogen stability in high temperature environment. 
(3) the temper brittleness tendency is small. Long-term in 370 degrees to 595 degrees, may make impact toughness performance worse, called tempering brittleness. The phenomenon is more serious when the chromium content is between 2% and 3% in general pressure vessels of chromium-molybdenum steel, and the brittleness can be reversed by heat treatment technology. 
(4) Delay crack is easy to appear, and the tendency of hard and brittle is large. In the above cases, due to the integration of alloying elements such as chromium, aluminum and vanadium, the supercooled austenite is more stable than before, and the critical cooling rate is smaller. After processing, the cooling rate is relatively large, and martensite phase appears, so the hardness and brittleness tendency is large. Under the influence of the subsequent residual stress, the hardened tissue is prone to crack, and the similar phenomenon will also occur under the action of hydrogen diffusion.
[bookmark: _Toc57672597][bookmark: _Toc61380813]3.  Analysis of main failure modes
[bookmark: _Toc57672598][bookmark: _Hlk61292386][bookmark: _Toc61380814]3.1 Delayed crack
(1) A variety of gases, including hydrogen, will enter the molten steel during steelmaking, and remain in the steel matrix as the molten steel solidifies. When there is a large amount of hydrogen in the steel matrix, there will be some small and slight crack groups, also known as white spots.
(2) When the pressure vessel is welding, water and oil in the chromium-molybdenum steel under high arc temperature will produce hydrogen, which will enter the weld metal material under melting, thus causing the crack phenomenon.
(3) Among the more serious defects of chromium-molybdenum steel, cold crack is generally caused by its sensitive quenching structure, hydrogen content and confining stress. Because this phenomenon is generally after welding and is related to hydrogen diffusion, it is also called hydrogen-induced delayed crack.
[bookmark: _Toc57672599][bookmark: _Hlk61292347][bookmark: _Toc61380815]3.2 Temper brittleness
When tempering, there are generally two kinds of brittleness in steel: one is the first kind of tempering brittleness, which has no relationship with the cooling rate after tempering, and generally appears in the 200-400degree tempering temperature. The second is the second type of tempering brittleness, which is easy to appear when grain boundary is weakened, and can be manipulated by diffusion, and is almost unrelated to martensite residual austenite, which is a reversible process. The actual temper embrittlement of pressure vessels generally has the following situations: one is the embrittlement in the process of welding post-processing temperature cooling during manufacturing; the other is the embrittlement caused by being in the temperature range that is easy to be embrittled for a long time. The embrittlement of the second condition is most likely to occur in chromium-molybdenum steels.
Some elements such As, P, Sn, Sb and As tend to gather around the austenitic grain boundary in chromium-molybdenum steel during tempering, cooling or aging at a particular heat. When the material is deformed under stress, the grain boundary where the interface energy drops will crack.
[bookmark: _Toc57672600][bookmark: _Toc61380816][bookmark: _Hlk61365509]3.3 Low impact absorption energy
[bookmark: _Toc61380817]3.3.1 Metallurgical defects
If the banded structure exists, the bainite structure with low carbon content in quenching will be formed from part of ferrite, while the bainite with high carbon content will be formed from part of pearlite, resulting in the difference of macroscopic mechanical properties. The macroscopic mechanical effect of banded structure on chromium-molybdenum steel is relatively large, resulting in poor anisotropy, uniformity, shaping and easy deformation, etc. 
Less abnormal structure of the residual casting has a significant effect on the hardness and impact absorption energy, but has no significant effect on other properties. If it is not eliminated in the subsequent process, the impact absorption energy of the material will be seriously reduced.
[bookmark: _Toc61380818]3.3.2 Positive fire
The critical zone quenching refers to the quenching of steel in the temperature range of AC1 ~ AC3. After the critical zone quenching, undissolved ferrite will appear in the structure, which can improve the impact absorption energy of the material, but the yield strength is low and the fatigue life is short. The fine and dispersed ferrite has strong bremsstrahlung, which can increase the impact absorption energy of the material. When the ferrite content increases, the impact absorption energy of the material will decrease. Fig.1 shows the microstructure formed by quenching in the critical zone. It can be seen that the ferrite content is relatively low, so the corresponding material's impact absorption energy is relatively high.
[image: ]
Fig 1. 12Cr2Mol Insoluble ferrogen body after sub-temperature quenching
Austenitizing uneven generally in quenching temperature is equal to or more than Ac1 temperature line, part of the ferrite formation of low carbon bainite, pearlite formed high carbon content of bainite tissue, resulting in uneven distribution, so the impact absorbing energy is low. If the quenching temperature is too high or the holding time is too long, the austenite grain size will become larger, thus increasing the temperature of the ductile brittle transition of the material. Fig2. Shows that if the quenching and holding time is too short, the internal austenitizing temperature can not be completely homogenized, and the carbide will not be uniformly distributed. If the internal austenitizing temperature can not be reached, the original organization will be retained. In either case, the impact absorption energy will decrease.
[image: ]
Fig2. 12Cr2Mol The microstructure of steel incomplete austenitizing
[bookmark: _Hlk61365462][bookmark: _Toc61380819] 3.3.3 Tempering
The main microstructure of chromium-molybdenum steel is bainite. When the tempering temperature increases, the bainite changes from lamellar shape to granular shape, which can improve the impact absorption energy. However, if the tempering temperature is too high and the holding time is long enough, the abnormal growth of carbides will be promoted, and carbides may precipitate around the original austenite grain boundary. One is cleavage fracture at low temperature, which is due to the formation of dislocation plugs around the large carbide. Second, the toughness and brittleness evaluation experiment of steel is not qualified, because the effect of precipitation strengthening and dislocation strengthening is obviously weakened, the impact absorption energy of steel is reduced, and the ductile and brittleness transition temperature is increased.
Fig.3 shows the morphology and surface analysis scan of heat treatment of 12CrMo1R steel after 915℃ quenching, 775℃ tempering and 695℃ simulated welding. Bainite tempered structure can be seen from the diagram is the main microstructure, from EDS (Energy spectrometer, Energy Dispersive Spectroscopy) on the map, Cr, Mo after tempering most element distribution on the grain boundary carbides formation, resulting in a decline in the mechanics capability of the steel, if the heat preservation time is longer, the carbide gathered grew up to have a great influence on the impact absorbing energy, if less carbide the impact absorbing energy there would be no big change.
[image: ]
(a) SEM Morphology
[image: ]
(b) [bookmark: _Hlk61364493]Cr element distribution

[image: ]
(c) Mo element distribution
Fig3. 12Cr2Mo1R SEM morphology and surface scanning analysis of steel after high temperature tempering at 775 degrees
[bookmark: _Toc61380820]4.  Manufacturing precautions and improvement measures
[bookmark: _Toc61380821][bookmark: _Hlk61378725]4.1 Low impact absorption energy
In different cases, to select a specific material, generally requires high corrosion resistance, refrasing brittle tendency can be controlled, welding performance is good. The control of chemical composition is critical because the chemical composition determines the tissue, the tissue determines the performance, and the performance determines the actual use.
[bookmark: _Toc61380822]4.1 Measures of controling the brittle tendency
The tendency of fireback brittleness is generally manipulated by phosphorus, lead, tin, arsenic, silicon, manganese and other elements，formula (1) is a relatively widely used indicator:
(1)
Elements are calculated as mass percentages brought in (2)；

Elements are brought in at a content of *10-6 (ppm). Usually control the receding brittle sensitivity factor J and weld metal fire brittle sensitivity factor X to control, in practice, also pay attention to cu content should not be greater than 0.20%, Ni content should not be greater than 0.30%.
[bookmark: _Hlk61371765][bookmark: _Toc61380823][bookmark: _Hlk61371800]4.3 Determination of crack sensitivity 
Carbon equivalent is the main relevant reference for crack sensitivity, and its value is calculated by the evaluation of welding process and by formula (3).

  
When the carbon equivalent value becomes larger, the welding performance of the steel decreases. When the carbon equivalent is greater than 0.5%, the crack sensitivity becomes greater, making the heat treatment and welding process more demanding later on。
[bookmark: _Toc61380824]4.4 Structural design
The phenomenon of delayed crack often appears in chromium-molybdenum steel is due to its high hardenability, so the design should use the following six points: First, according to the actual design of the joint structure, reduce its restraint; Second, the bite edge shall not appear on the weld surface; Three, the hole reinforcement can not be used to strengthen the ring structure, to use the overall reinforcement; Four,  they can not be used in the extension of the pipe; Five, Fillet welds can not be used when accessories are connected, but double-sided full penetration structure should be used. Six, cylinder butt joint generally use U - shaped groove.
[bookmark: _Toc61380825]4.5 Non-destructive detection
Chromium molybdenum steel pressure vessel usually on the joint 100% ray inspection, followed by the heat treatment and hydraulic test, and then can use ultrasonic inspection of the welding joint using ultrasonic inspection and magnetic particle inspection, because the ray inspection is not as sensitive to the crack defect as ultrasonic inspection, non-destructive inspection time should pay more attention to.
[bookmark: _Toc61380826]4.6 Heat treatment
Hydrogen embrittlement has a great influence on steel properties. In order to prevent the occurrence of hydrogen embrittlement, dehydrogenation treatment is needed. The weld and surrounding materials are heated to a higher temperature, which can improve the diffusion coefficient of hydrogen, accelerate the diffusion of hydrogen, and inhibit the occurrence of cracks.
[bookmark: _Toc57672612][bookmark: _Toc61380827]5. Refire brittle assessment and control
[bookmark: _Hlk61349640][bookmark: _Toc61380828]5.1 Fireback brittle assessment
There are many ways to show the size of the temper brittleness tendency. Generally, it can be expressed by the ratio of the temperature impact toughness after tempering fast cooling and slow cooling, or by the ratio of the temperature impact toughness between the ductile state and the brittleness state. The step cooling experiment is needed to evaluate the temper brittleness of chromium-molybdenum steel in a short time. Process curve is shown in Figure 2.4:
[image: ]Temperature/
Air cooling

Rate of heating:（1）heated at 50 degrees Celsius per hour（2）heated at 6 degrees Celsius per hour
（3）heated at 3 degrees Celsius per hour（4）heated at 28 degrees Celsius per hour
Fig4. Step cold brittle process graph

Step cooling test procedure according to API934 is as follows:
(1) The material can be heated at any speed to 316 degrees centigrade and then heated at 56 degrees centigrade per hour to 593 degrees centigrade and kept at this temperature for one hour to cool in the furnace to 538 degrees centigrade; 
(2) Keep the temperature at 538 degrees centigrade for 15 hours, and then cool the furnace to 524 degrees centigrade; 
(3) Keep the temperature at 524 degrees centigrade for 24 hours, then cool the furnace to 496 degrees centigrade; 
(4) Keep it at 468 degrees Celsius for 100 hours, and then cool it to 315 degrees Celsius;
If we want to determine the brittleness of chrome key steel tempering, it is necessary to carry out step cold experiment at many temperatures, respectively, the step cold treatment and stepless cold treatment of the material impact test, the corresponding AKV value of 55 joules when the corresponding temperature VT54 and the change amount of Tr55, the greater the change, the higher its sensitivity, the following (4):

Among them, VTr54 - step cold treatment pre-summer impact work for 54J corresponding temperature; Tr55 - step cold process treatment and pre-summer shock work for 55J relative to the temperature increase; α - coefficient, according to the requirements, can be determined, can be 2.5 or 3.0, API934 in 2.5; X - Specifies the temperature value to be met, which can be 38, 10 or 0, and 10 in API934.
[bookmark: _Toc61380829]5.2 Control of temper brittleness
Chromium steel tempering brittleness is greatly affected by the metal element content and chemical composition, chromium tantalum steel pressure vessel control of harmful elements to be strict, try to reduce its content. Expressed in X and J coefficients:



X is calculated as an element percentage content, and J is calculated as an element ppm content. General requirements: J≤150; X≤15; Strict requirements: J≤100; X≤10, API934 requires J≤100; X≤15.
[bookmark: _Toc57672614][bookmark: _Toc61380830]6.  Conclusion
In this paper, according to the pressure vessel inspection specification and standard, the typical material of pressure vessel chromium molybdenum steel was introduced in detail, and through metallographic observation, SEM, and other analysis methods mainly analyzed the crack, temper brittleness, impact energy of chromium molybdenum steel. The mechanism of each failure phenomenon is introduced and some suggestions are given to alleviate or solve the failure. The delayed crack is mainly caused by the diffusion of hydrogen in the matrix, and the source of hydrogen is mainly caused by hydrogen gas entering the steel making process and hydrogen produced by water and other oil stains during welding. The tempering brittleness is mainly due to the fact that impurity elements tend to gather around the austenite grain boundary at a certain temperature, and the interface energy will crack under stress and deformation. The low impact absorption capacity is related to the existence of banded structure, abnormal residual structure, quenching and normalizing temperature, quenching and normalizing holding time, cooling rate, tempering temperature and holding time, etc. Chrome molybdenum steel failure can prevent from material selection, structure design and nondestructive testing, heat treatment, assessment and control, temper brittleness crack improved sensitivity determination, etc. These accumulated theoretical basis for deeper and wider research on pressure vessels in the future, so as to carry out better preventive measures and special equipment inspection and testing work in the follow-up, and provide reference for factory use and related research work.
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