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Abstract

:

Metal combustion is one of the main issues threatening service safety in oxygen-enriched atmospheres, leading to unexpected explosions in rocket engines. This paper reviews the recent development of metals combustion in oxygen-enriched atmospheres. Test methods under three typical conditions and combustion behaviors of three typical metals are mainly discussed. The microstructures of the combustion areas of tested samples in stainless steels, nickel superalloys, and titanium alloys are similar, containing an oxide zone, a melting zone, and a heat-affected zone. The development trend of metal combustion in oxygen-enriched atmospheres in the future is also forecasted.
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1. Introduction


With the development of technology, metals should meet the more and more strict requirements used in extreme environments. Most metals show a phenomenon that differs from oxidation or melting but is similar to the combustion of wood and nylon in oxygen-enriched atmospheres, called the combustion of metals [1]. Metals used in oxygen-enriched atmospheres therefore have a risk of combustion. Some metallic materials are difficult to be ignited in air but burn dramatically or even reach the explosive limit in oxygen-enriched atmospheres. When combustion does happen, it causes serious consequences. A series of catastrophic accidents have happened in liquid oxygen/kerosene engines. For example, an explosion occurred in the Johnson Space Center testing ground in 1980 caused by the combustion of a secondary aluminum valve when the oxygen pressure reached 6000 psi (41.4 MPa). Another case happened in the Marshall Space Flight Center in 1992 when the shims and pistons made from 316 stainless steel combusted in a 35 MPa oxygen pressure atmospheres, which led to the explosion of the testbed.



Because of the great hazard of metal combustion, researchers have extensively worked on controlling oxygen-fed fires in experimentation and production. The test methods for the combustion of metals can be traced back to 1921 when John. K. Mabbs tested several materials (hard rubbers, fibers, and metals) at a 13.8 MPa compression. With the utilization of liquid oxygen in rockets, the compatibility of materials with oxygen is a concern for the reliability and security of rocket engines. As a result, the American Society for Testing Material (ASTM) organized the Committee G-4 to write standards for the testing and selection of materials for oxygen service in 1975 [2]. The National Aeronautics and Space Administration (NASA) expanded great efforts in developing information on the compatibility of materials with oxygen. NASA instituted some tests to measure the compatibility, and the most common of those tests are ambient pressure liquid oxygen mechanical impact tests and high-pressure oxygen mechanical impact tests (introduced and detailed in the Test Methods section) [3]. Hust and Clark et al. reported the flammability of some pure metals [4], and the studies reported that copper showed an ignition temperature of about 1030 °C. This temperature is about 60 °C below the melting point, and it does not ignite until the melting point when the oxygen pressure is below 34.5 MPa. Copper is therefore considered difficult to ignite. Iron was reported to ignite at 930 °C, which is 600 °C lower than its melting point. Others reported that the ignition temperature of iron was 1315 °C, which was also obviously below the melting point [5]. As a result, even in ambient pressure, the resistance to the combustion of iron is poor. Junichi Sato, a Japanese researcher, studied the flammability of iron in high-pressure, oxygen-enriched atmospheres [6]. He found that when the hot iron burned in oxygen, the oxide and natural convection influenced the combustion property. The chemical characters of magnesium were very active, and Mg alloys were prone to oxidation and burning. The ignition temperature of pure magnesium was about 630–640 °C in the air [7,8,9,10]. Some elements can improve its ignition temperature directly, like Er [11,12], Gd [13], Y [14,15,16], and other rare earth elements [17,18], but the major alloying elements of Mg, such as Al [16,19], Zn [20], Mn [21], and Cd [22,23], reduce the ignition temperature. For example, the ignition temperature reached 500 °C when 20 wt % Al was added to Mg alloys [19], and Zn also reduced the Mg alloys’ ignition temperature; its effect was smaller to that of Al [20]. Aluminum showed an ignition temperature higher than its melting point, which was described as the melting point of alumina (2050 °C) [4,5]. Nickel was observed to ignite at its melting temperature [4,5]. Silver cannot be ignited at any oxygen pressure [4,5]. The more thorough works in this field have been studied. The composition of metallic materials, the structure of oxide, and the phase transformation were important parts of flammability. Dreizin reported the phase transformation in the combustion process [24]. The experimental results showed that the reaction and the oxygen in solid solution induced the phase transformation. Tayal and Wilson studied the relationship between the composition and flammability of a nickel-based binary alloy [25]. They found that the threshold of pressure changed greatly after the addition of different contents of alloy elements. Nihart and Smith found that the nickel, brass, and Inconel 600 (76Ni15Cr8Fe) showed excellent properties of resistance to combustion, but those of austenitic stainless steel and aluminum were relatively poor [26]. Kirschfeld and Miller compared the combustion resistance of several common alloys. They found that Monel 400 (66.5Ni31.5Cu) had the best combustion resistance, followed by 304 stainless steels, and the combustion resistance of gray cast irons was better than carbon steels [27,28]. Titanium can be ignited in air at about 1600 °C because of its low thermal conductivity, high oxygen affinity, and high combustion heat [29,30,31,32]. The combustion characteristics of different titanium alloys such as TC4 [33,34,35], TC11 [36,37], and Ti40 [38,39] were studied by the friction method. The result showed that the contact force and oxygen concentration corresponding to ignition were found to obey a parabolic relationship [36,37,38]. All the combustion behaviors can be summarized as three burning models, called liquid phase burning model, vapor phase burning model, and mixed-phase burning model [40]. In the liquid phase burning model, the energy provided by the promoter melted the sample end and the oxidation reaction between the liquid sample and oxygen occurred in the melting oxide mass. For the case of the vapor phase burning model, the oxidation reaction between metallic vapor and oxygen occurred in the gas phase around the molten mass. The mixed-phased burning model was a mixture of the two models.



Accidents indicate that the combustion of metals in oxygen-enriched atmospheres is a novel failure mode without any preliminaries at all, which causes severe limitations on their applications. In order to understand the theoretical basis and to evaluate service safety, a brief review of the combustion behavior of metals is discussed in this paper.




2. Test Methods


Liquid and gaseous oxygen are widely used in industry and spaceflight. In oxygen-enriched atmospheres, if the heat from the outside and oxidization is greater than that being consumed, the temperature of metal increases, followed by ignition. As a result, the combustion of metals is a pretty realistic problem. In order to reduce the probability of the fire, the metallic materials should be tested in oxygen-enriched atmospheres to ensure their security. The US carried out systematic studies the on combustion of metallic materials and outlined the relevant standards in the ASTM. Some widely used methods are introduced in this paper.



2.1. NASA Mechanical Impact Tests


Out of all the tests on combustion of metal, the most widely used method is the NASA mechanical impact test. Almost all of aerospace materials should be tested before used. The principle and the process are detailed in this paper.



2.1.1. Ambient Pressure Liquid Oxygen Mechanical Impact Tests [41,42,43,44]


In this test, a plummet free falls from the preset height to a striker pin resting directly on the test specimen immersed in liquid oxygen. In order to test the combustion resistance, the maximum impact energy, 98 N∙M, is provided by dropping a 9.09 kg plummet from a 1.1 m high shelf to a striker pin with a diameter of 12.7 mm in contact with the specimen with a 17.5 mm diameter. The schematic diagram is shown in Figure 1. Reactions are generally indicated by an audible explosion, light emission, or material charring in elevated pressure tests. Lower impact energies are selected by changing the drop height of the plummet. Twenty test drops are normally performed in each test. This test method evaluates the compatibility of materials for use in oxygen and oxygen-enriched atmospheres.




2.1.2. High-Pressure Oxygen Mechanical Impact Tests [41,43,45]


This test method is similar to the previous method, as both of them are designed to expose material samples to mechanical impacts, as shown in Figure 2. The facility consists of a test chamber that can bear the 34 MPa pressure, a plummet dropping from the preset height, and a striker pin that transmits the energy to the test sample. The higher the energy threshold, the better the combustion resistance. As a method to evaluate the combustion resistance to mechanical impact, the NASA mechanical impact test has the widest use.





2.2. Promoted Combustion Tests [46,47]


When polymers are present in aero engines, they can be easily ignited in high-temperature oxygen-enriched atmospheres. They can then possibly ignite tiny metallic materials, and through this process, the chain reaction can be created and ultimately lead to explosions.



This test method confirms the pressure threshold and oxygen index that sustain candle-like burning of a standardized sample of metallic materials, as shown in Figure 3. The apparatus comprises a chamber, which is sufficiently large to ensure the variation of gas pressure and purity is lower than 10% during burning. Samples are usually configured as rods with the size of Φ 3.175 × 101 mm. In order to provide sufficient energy to ignite, the promoter is attached to the end of the samples. Aluminum (0.2 g) is considered as the promoter to provide about 7 kJ of energy, and in the other case, 0.15 g of magnesium can produce the same energy as aluminum when combusted. During the combustion, the temperature of the sample can be recorded by a temperature sensor and the entire combustion process is recorded by a video camera. The samples are installed vertically in specimen clamps, and the promoter is fitted onto the end of the specimen. The chamber is pumped to vacuum then filled with gaseous oxygen. If the sample is not ignited, five additional tests are performed using one set of conditions. Tests are repeated at various oxygen pressures until the threshold pressure is established. This test apparatus can also measure the relationship between the sample size and configuration with the threshold at one pressure.




2.3. Friction-Induced Ignition Tests [48,49]


The friction-induced ignition of metals confused the designers and users of pumps, compressors, and oxygen components. The ignition of metallic materials in oxygen-enriched atmospheres by friction heating is the dominant ignition source in many cases of combustion, and this test shows the friction heating sensitivity of metals and alloys. The apparatus comprises a cylindrical chamber that can bear 65 MPa of pressure, and the schematic diagram is shown in Figure 4. There are two test samples, which consist of two identical hollow cylinders. One sample is fixed on the chamber wall, and the other is fixed on a shaft, which is connected to a drive motor. The drive motor can provide the maximum rotating speed of 20,000 rpm; meanwhile, it can also provide the capability of applying up to 4450 N of load on the test samples. The product of the contact pressure P and the average liner surface velocity v can represent the capability of combustion resistance. The higher the product of Pv, the better the combustion resistance capability.




2.4. High-Velocity Particles Impact Tests [50,51]


In order to increase the thrust of liquid oxygen/kerosene rocket engines, some metallic particles are mixed up with fuel. Using the burning of particles to create higher temperatures thus provides a higher thrust. For a long time, high-velocity particles impacting the surface of alloys had been suspected to be one reason for combustion in oxygen-enriched atmospheres. Further research has not been conducted because of a lack of instruments that can make an effective assessment. The NASA White Sands Test Facility (WSTF) used some test methods to evaluate the oxygen capability of metals and alloys. One of those methods is a high-velocity particle impact test.



The apparatus at WSTF consists of three major sections: the gas inlet and flow straightener, the particle injector and converging nozzle, and the diverging nozzle and test sample mounting fixture, as shown in Figure 5. The gaseous oxygen with subsonic velocity enters the chamber then flows through the flow straightener section. The velocity of the gas is accelerated to Mach 1 when the gas enters the converging nozzle. Then the velocity is continuously accelerated and reaches to about Mach 3.5 when the gas flows through the diverging nozzle. The gas then enters a short section with a constant cross-sectional area used to establish a constant gas velocity. Meanwhile, particles are injected, mixed with the gas and impact on the samples.





3. Combustion Behaviors of Stainless Steels


Stainless steels are import alloys in oxygen systems, which are widely used in valves and vessels. However, several decades ago, some researchers suggested that stainless steels were easily ignited in oxygen-enriched atmospheres. As a result of these data, critical components made from stainless steels and used in oxygen-enriched atmospheres were used less frequently. In the 1980s, more realistic data on metallic material flammability were obtained, which indicated that stainless steels are significantly more combustion-resistant than carbon steels. Despite this, the combustion resistance of stainless steels is not as good as nickel-based superalloys, but the cost of stainless steels is much cheaper than superalloys. The stainless steel ignition below the threshold pressure might yield more damage than would occur to the nickel-based alloys. Some combustion behaviors of commonly used stainless steels are discussed below.



The microstructures of stainless steels after combustion are shown in Figure 6, consisting of heat-affected zone (influenced by the combustion heat but no melting), melting zone (melting but no oxide), and oxide zone (the product of burning). The results of scanning electron microscopy (SEM) proved the crystal structures in alloy base present no obvious deformation, and there are no internal oxidation partials. The melting zone was influenced by the combustion heat, and the internal oxidation phenomenon could be found. The part close to the combustion front showed serious internal oxidation, and the many holes may exist because of the shrinkage during the solidification. The oxide zone is located in the outermost area of the sample with a porous structure, and this zone consisted of mixed oxide, which burned several elements in the alloy.



The 316 type of stainless steel is a workhouse in the chemical industry and used in pressure vessels and piping up to 816 °C. This type of stainless steel has the nominal composition of 6Cr17Ni12Mo2. It is an austenitic alloy that has remarkable corrosion resistance in harsh conditions. It is a potential candidate for oxygen-enriched atmospheres. The threshold pressure of 316 stainless steel is about 3.45 MPa with a 3.2 mm diameter at ambient temperature [52,53]. The entire specimen is consumed when the oxygen pressure is above the threshold pressure, and the specimen will self-extinguish when the pressure is below the threshold pressure. With increasing pressure, the burning velocity of 316 stainless steel raises. The specimen sustains candle-like, gentle burning at 3.45 MPa, and the burning velocity reaches 15.8 mm/s at 69 MPa [54]. Some researchers indicated that increasing the temperature of metallic materials often leads to lower burning pressure. As for 316 stainless steel, it has been shown to combust at a pressure of 3.45 MPa in 100% oxygen at ambient temperature. However, when the temperature of the specimen rod is increased to 875 °C, the rod combusts at a pressure of 0.2 MPa [55].



Austenitic alloys such as 304 type stainless steel are commonly used and have a wide temperature range of −196 °C–800 °C. The major application of 304 stainless steel includes use in the foodservice and medical industries. The nominal composition of 304 stainless steel is 6Cr19Ni10. The threshold pressure of 304 stainless steel with a 6.4 mm diameter rod is 10.34 MPa, lower than the same size specimen made by 316 stainless steel, which is 17.23 MPa [52]. When the environmental temperature is raised to 538 °C, the burn length of 304 stainless steel specimen is 6.3 mm at 0.7 MPa pressure, however the burn length of 316 stainless steel specimen is only 3.7 mm at the same condition [55]. From these data, we can see that the combustion resistance of 316 stainless steel is better than 304. The reason may be explained by the nickel content of 316 stainless steel being higher than that of 304, as the heat of combustion of nickel is pretty low, and the nickel element shows the perfect combustion resistance. The higher the content of nickel, the better the combustion resistance.



The 347 stainless steel is a chromium–nickel austenitic stainless steel, which is stabilized by columbium plus tantalum addition. The addition of columbium and tantalum can minimize the potential for sensitization and intergranular corrosion, which may be troublesome for 304 stainless steel in certain environments. The threshold pressure of 347 stainless steel is 2.07 MPa in pure oxygen at ambient temperature, much less than that of 316 and 304 stainless steel [52,56]. The 321 type of stainless steel is chromium–nickel–titanium austenitic stainless steel. Its properties are similar to 304 stainless steel and it benefits from the addition of titanium. The 321 stainless steel shows ideal intergranular corrosion resistance and high-temperature strength. The extinguishing pressure of 321 stainless steel is lower than 3.45 MPa. The burn length for the rod configuration of 321 stainless steel is 41.3 mm at 0.32 MPa of oxygen pressure, longer than 316 stainless steel [53], because 321 stainless steel contains titanium element, and the combustion heat of titanium is 19,716.1 J/g, much higher than any other elements in stainless steel.



In view of the above-mentioned facts, the stainless steels combust at relatively low pressure, so some critical components in rocket engines may be made by superalloys to ensure the components will not burn at higher pressure.




4. Combustion Behaviors of Nickel Superalloys


The nickel alloys show the perfect properties of hard facing, high strength, corrosion resistance, and high-temperature service, so they are frequently used in the aerospace industry. They also have excellent combustion resistance in oxygen-enriched atmospheres. The microstructures of nickel superalloys after combustion are shown in Figure 7, and the microstructures are similar to those of stainless steels.



Nickel is one of the most combustion-resistant elements, as its threshold pressure is greater than 69 MPa. The flammability of nickel-based binary alloys is strongly influenced by the alloying additions. For example, the nickel–chromium alloys containing up to 30 wt % chromium have a threshold pressure similar to nickel. When the chromium content increases to 37.1 wt %, the threshold pressure plummets down to 2.1 MPa [58]. An explanation for this phenomenon is that if the quantities of alloying elements are to nickel, which form the majority of nickel primary solid solution, the binary alloys show a threshold pressure corresponding to nickel, but if they form a critical number of intermetallic compounds, the threshold pressure of the binary alloys is significantly lower than that of nickel. The flammability of industry nickel alloys is different from the binary alloys.



Inconel 718 is a nickel–chromium–iron alloy with the nominal composition of 55Ni15.5Cr17.5Fe. It is a precipitation-hardenable alloy. Its threshold pressure is 6.89 MPa, higher than that of 316 stainless steel [53,58]. The burning velocity of Inconel 718 for a 3.2 mm diameter rod configuration is 10.9 mm/s at threshold pressure. When the pressure is increased to 69 MPa, the burning velocity reaches 13.7 mm/s [52]. Inconel 600 is a high-nickel alloy that might be considered as a standard for the comparison of high-temperature alloy. It has the nominal composition of 76Ni15Cr8Fe. The threshold pressure of Inconel 600 is 17.2 MPa, much higher than Inconel 718. This may be because the nickel content of Inconel 718 is lower than that of Inconel 600 but the iron content is higher than Inconel 600. The combustion heat of iron is 7388.3 J/g, almost twice that of nickel, and the combustion product of iron is Fe2O3, which has a polyporous texture. This texture is beneficial to oxygen transmission and accelerates the progress of combustion. Inconel 625 has a threshold pressure of 17.24 MPa, a little more than Inconel 600 [55,58]. One possible reason is that the chromium content in Inconel 625 is higher than Inconel 600, and a compact, high-melting-point oxidation film, Cr2O3, on the surface of the combustion product can be formed during the combustion, and this oxidation film can restrain the combustion. Another reason is that there is 9 wt % molybdenum in Inconel 625. The combustion heat of molybdenum is not as high as chromium and iron, but the combustion product of molybdenum is a volatile oxide, which influences the flammability. Monel Ni–Cu alloys are industrial gas industry workhouses where combustion resistance in high-purity oxygen at high pressure is required. Monel 400 has a nominal composition of 66.5Ni31.5Cu, which shows the highest threshold pressure of 69 MPa [52,54,58], and at any pressure below 69 MPa, no burning velocity is calculated. Overall, the combustion resistance of superalloys is much better than stainless steels because of the high quantities of nickel [57,59].




5. Combustion Behaviors of Titanium Alloys


Titanium and its alloys have a broad application in the aircraft industry owing to their high strength, low density, and excellent corrosion resistance [60,61]. However, titanium alloys can be ignited easily by the high-speed friction and severe impact under high pressure, which is called “titanium fire” [62]. Titanium fire spreads quickly, and it is hard to control because of the low thermal conductivity and high combustion heat [63], so the titanium fire accidents have led to some catastrophic accidents.



Compared to titanium, copper and aluminum show little risk of combustion [64]. The reason for this is that the oxidation process of copper and aluminum is self-suppressive in the full temperature range whether before melting or after melting. In this case, the oxygen transport to the fresh metal is hindered by the oxide layer [65,66]. Generally, the thickness of the oxide layer and time exhibit a logarithmic or exponent relation, which could restrain the combustion process. As a result, the oxidation proceeds in an isothermal way, and only removes the oxide layer when the temperature rises. Titanium has a combustion risk due to its own characteristics. There is a series of oxides of titanium, including Ti3O5, TiO, Ti2O3, and TiO2, and the density of these oxides reduces gradually [33,34]. In the service temperature, TiO2 is generated firstly, and the titanium dissolves more oxygen with a rise in temperature. Then, the exchange reaction happens, forming the low-value oxides, which show high density, leading to the broken oxygen layer. Once the oxygen layer is broken, a lot of oxygen reacts with fresh metal and gives off plenty of heat. The metal is ignited when the temperature reaches the ignition point.



To solve this problem, numerous works have been conducted on titanium combustion behavior and have tried to develop new burn-resistant titanium alloys. Currently, two typical burn-resistant titanium alloys have been designed, one type is Ti–Cr–V system alloys, and the other type is Ti–Cu system alloys [38]. The mechanism of Ti–Cr–V system alloys is adding a certain amount of Cr and V in the titanium matrix. The burning product Cr2O3 is stable and dense and forms a protective oxide film to protect the titanium matrix from oxygen [35,67,68,69]. Further, V2O5 shows a low melting point and is easy to volatilize and it takes away a great deal of heat by either melting or volatilization during the combustion [38,70,71]. Hence, the Ti–Cr–V system alloys avoid combustion to some extent. The combustion behavior and mechanism of Ti40 were studied, and some results show that the relationship of contact force and oxygen concentration corresponding to combustion is parabolic [35,70]. The other studies reported that the burn resistance of Ti40 was higher by 40% and 20% than that of TC4 and TC11, respectively [33,34]. The microstructure of titanium alloys after combustion is shown in Figure 8. The microstructures are similar to those of stainless steels and nickel superalloys, which have an oxide zone, melting zone, and heat-affected zone. Different from Ti–Cr–V alloys, Ti–Cu system burn-resistant alloys are designed from the friction principle [38]. Copper shows excellent thermal conduction to avoid heat accumulation, and the eutectic structure is formed, which shows the low melting point in the temperature range of 955–990 °C when the Cu content is 17 wt % [72,73]. The eutectic structure melts when the temperature is above 955 °C and serves the liquid phase as a lubricant [74,75]. Then, the dry friction is transported to wet friction, which reduces the friction power and heat effectively [76,77]. Meanwhile, a Cu-enriched layer is found in the interface between the melting zone and the matrix to hinder the combustion [39].




6. Summary


Much research on the flammability and sensitivity of materials in oxygen-enriched atmospheres has been conducted to evaluate the service safety, with a large amount of experimental data determined. However, the data are not universally available and are not always consistent. The following issues mainly exist in the combustion of metals in oxygen-enriched atmospheres:




	(1)

	
The mechanism of metals combustion in oxygen-enriched atmospheres is still unclear. Metals combustion is a complex problem touching upon many subjects such as material science, hydromechanics and physics, and the ignition mechanism is complicated. Works on metals combustion in oxygen-enriched atmospheres have only recently begun, consisting of only exploratory researches.




	(2)

	
The repeatability of the test results is poor. There are so many factors that influence the flammability, such as configuration, size, temperature, gravity, and oxygen pressure.




	(3)

	
There is a major gap between the experimental study and field application. Researchers used some application principles and sorted the materials according to their burn-resistant properties only. However, there are still some abnormal phenomena.









The developing trends of metals combustion in oxygen-enriched atmospheres are mainly shown in the following aspects:




	(1)

	
Establishing the test standards of metals combustion in oxygen-enriched atmospheres.




	(2)

	
Studying the mechanism of metals combustion in oxygen-enriched atmospheres and building the combustion model.




	(3)

	
Designing more burn-resistant alloys to use in oxygen-enriched atmospheres.
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Figure 1. (a) Diagram of the ambient pressure liquid oxygen mechanical impact test facility. (b) The striker pin assembly detail, reproduced from [41] with permission from ASTM, 2019. 
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Figure 2. (a) High-pressure oxygen mechanical impact test chamber in the Marshall Space Flight Center. (b) Mechanical impact test chamber in the White Sands Test Facility, reproduced from [41] with permission from ASTM, 2019. 
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Figure 3. Diagram of promoted combustion test facility, reproduced from [46] with permission from ASTM, 2020. 
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Figure 4. Diagram of friction-induced ignition facility, reproduced from [49] with permission from ASTM, 2020. 
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Figure 5. (a) First generation sonic velocity impact chamber; (b) ameliorated sonic velocity impact facility, reproduced from [50] with permission from ASTM, 2019. 






Figure 5. (a) First generation sonic velocity impact chamber; (b) ameliorated sonic velocity impact facility, reproduced from [50] with permission from ASTM, 2019.



[image: Metals 10 00128 g005]







[image: Metals 10 00128 g006 550] 





Figure 6. SEM photographs of combustion area of a stainless steels, reproduced from [52] with permission from ASTM, 2020. 
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Figure 7. SEM photographs of combustion area of a nickel alloy, reproduced from [57] with permission from ASTM, 2020. 
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Figure 8. SEM of combustion area of titanium alloys, reproduced from [69] with permission from Shao, L. et al., 2016. 
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