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Abstract

:

The surface evolution of vermicular cast iron in a high frequent cyclic plasma and facial cooling airflow was studied to understand the behavior and mechanism in different cooling conditions under a unique thermal shock environment. Results indicated that both the mass and linear loss presented titled inverted V-shaped relationships with the flux of the cooling airflow, while the change in roughness decreased continuously. As the cooling airflow rose, the eroded zone was reduced, the iron oxides lessened, and fluctuation of the surface temperature weakened. In combination with the thermodynamic calculations and thermal analysis, it was confirmed that the oxidation and mechanical erosion had contrary tendencies with the rising flux in the facial cooling airflow. The transformation of the dominant factor from oxidation to peeling off by thermal stress and scouring resulted in the evolution of mass and thickness. The surface oxides dominated the change in the roughness.
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1. Introduction


Vermicular cast iron (RuT), also named compacted cast iron, has both the advantages of gray and nodular cast irons. The outstanding casting performance and good combination of mechanical and thermal properties have made RuT a perfect material for the cylinder head and blocks of a high power density (HPD) diesel engine [1,2,3]. Furthermore, the RuT has also received increasing attention on the application for a heavy truck brake system [4].



In a HPD diesel engine, as a key power of large machinery and transportation tool, the cylinder block or cylinder head material will be damaged by the high frequent impact of high temperature and high pressure generated by the detonation of flame. Due to its unique working environment, it is required that the high temperature components in the diesel engine must be able to withstand severe cyclic mechanical and thermal load throughout its service life. With the continuous development in the performance of a diesel engine, its working conditions become more and more severe, which results in higher and higher requirements on the comprehensive performance of RuT.



To improve the mechanical, anti-wear, and thermal properties of RuT, alloying [5,6], heat treatment [7,8], process, and surface modification [9,10] were all greatly studied. The nanoparticles were also used to adjust the microstructure [4]. Among these works, more and more attention have focused on surface treatment since many failures originated from there. Methods such as atmospheric plasma spraying [10], plasma transfer arc cladding [11], laser cladding [12], laser melt injection [13], diffusion thermo-reactive treatment [14], and some others have all been performed to optimize the surface for an improvement in the properties. Meanwhile, many studies such as thermal exposure [15], oxidation [16,17], creep [18,19], thermal shock [20], thermal fatigue [21,22], and thermal-mechanical fatigue [23,24,25] have focused on the high temperature performances and failure mechanism of the RuT to understand the practical problems of relative components. Great efforts have been made from the perspective of mechanics. Qiu et al. [15] mainly studied the effect of thermal exposure conditions on the in situ tensile fracture behavior. With the increase in the thermal exposure time, the strength of the compacted graphite cast iron decreased, but the elongation at break increased. Guo et al. [16,17] analyzed the high temperature oxidation behavior of vermicular cast iron with different vermicular graphite rates and found that the oxidation weight gain decreased rapidly with the decrease in the vermicular graphite rate. Meanwhile, graphite was the core and channel of oxidation. The pearlite in the vermicular cast iron was oxidized and decomposed into ferrite and cementite at high temperature. Wu and Jing et al. [18,19] found that when the ratio of test temperature to melting temperature was greater than 0.5 and the load was higher than 150 MPa, obvious creep deformation would occur. In addition, creep damage was easy to occur in compacted graphite cast iron under wide temperature and stress conditions. Combined with the multi-objective optimization method, the creep constitutive model was constructed. Wang et al. [20] studied the oxidation and thermal cracking behavior under a high temperature and thermal shock environment, and found that graphite on the surface oxide scale was beneficial to the formation of surface thermal cracks. In addition, it can be inferred that the path of hot crack propagation along the thickness direction was the graphite-oxide network. Zhang et al. [22] studied two different types of compacted cast iron, and found that the ferrite grain boundary sliding temperature and pearlite transition temperature had an important influence on the thermal fatigue cracks of the two materials. Hilbery et al. [23] found that with the increase in the average length of graphite inclusions, the thermal mechanical fatigue life decreased, and the graphite content had no effect on it. Furthermore, Norman et al. [25] studied the thermo-mechanical fatigue properties of heterogeneous compacted cast iron at different maximum temperatures and mechanical strain ranges, and found that the micro-cracks independently expanded from fatigue to the rapid connection point of the cracks, resulting in final failure. Some other investigations found that thermal chemical reactions [26] and phase transformations [27] were also important to the failure of the diesel engine cylinder head. Some oxides could promote the crack propagation.



In the working condition of a cylinder head in a HPD diesel engine, the combustion and mixed air–oil have an impact on the RuT at high frequency. Obviously, this is different from the widely studied static oxidation, normal thermal shock, or thermal fatigue in the laboratory. However, few studies can be found on the evolution of RuT in a unique thermal shock environment, which has limited both the optimization of materials and structure. Referring to the large number of studies of flame tests for aerospace applications [28,29,30], some bench tests have recently been performed to simulate the working condition [31,32,33,34]. In our previous work, RuT [35], piston Al alloy [36], and modified C/C composites [37] were studied in the high frequent cyclic impact of combustion and airflow. The RuT and the others presented different erosion behavior from normal oxidation and thermal shock.



With the development of the diesel engine, key components possessing high precision and low roughness are always necessary. Furthermore, keeping the precision and surface state of service stable is also important for the cylinder head since an evident change in the size or roughness is sometimes fatal. When excess oxides are peeled off from the original surface, the combustion chamber like piston will be greatly damaged, which might lead to a failure of the whole machine. Additionally, working in various climatic environments is inevitable. The RuT for the cylinder head will undergo different cooling states, resulting in various intensities of thermal shock and surface damage. Therefore, as a following work in high frequency cyclic plasma, this study mainly dealt with the influence of facial cooling airflow on the surface erosion of RuT.




2. Materials and Methods


2.1. Preparation of the Vermicular Cast Iron


The raw materials used for the preparation of the vermicular cast iron were pig iron and 45 scrap steel. These were melted by a medium-frequency induction furnace. When the temperature reached 1300 °C, the material was completely melted, and the creeping agent and inoculant were added, respectively. The main components of the creeping agent and inoculant were 0.45~0.5 wt% Mg–Re alloy and 0.8 wt% 75Si–Fe. Then, the melt was cleaned at a temperature of about 1470 °C and poured into the sand mold through the bottom gate system. Before pouring, the quality of the fracture triangular test block should be analyzed. The following cast was carried out only when the quality met the demand. The specimen for the test was cut from the bottom of the castings when cooled to room temperature, then the specimens were machined into a wafer type of φ30 × 5 mm3. After sanding with different types of sandpaper (#80, #240, #600, #800, #1200, #1500, #2000) in order, the surface was polished by the cross method and dried for later experiments.




2.2. Tests and Characterization


As shown in Figure 1, the tested sample was cyclic impacted by plasma and cooling airflow through reciprocating motion under a 2 s period. The plasma was generated by Multiplaz 3500 using H2O as the medium. The working voltage was 160 V and the relevant current was 6 A. The cooling airflow was provided by an air compressor under a pressure of 0.4 MPa. All of the tested samples were divided into four groups according to the different facial cooling airflows. The groups in fluxes of 0, 1, 2, 3 m3/h were marked as RuT-0, RuT-1, RuT-2, and RuT-3, respectively. During the experiment, both the plasma and airflow jets were vertical to the surface of the tested sample and scoured for 0.5 s in each cycle. Both the diameters of the nozzles were 2 mm and their tips were 10 mm far from the sample surface. Moreover, the plasma was about 2300 °C at this distance, which was confirmed by a porous zirconia and an Endurance E1RH infrared thermometer (1000~3200 °C with a precision of ±0.5%). During the test, the surface temperature was real-time monitored by an Endurance E3ML infrared thermometer with a response time of 20 ms (50~1000 °C with a precision of ±0.3%). The infrared thermometer was located at about 1 m in front of the measured sample surface, forming a certain angle with the sample surface.



The mass and linear losses were calculated according to the weight changes and thickness variation of the sample center. The specific formulas are as follows:


M = (m0 − m1)



(1)






L = (l0 − l1)



(2)




where M is the mass loss and L is the linear loss; m0 and m1 are the mass of the sample before and after the test, and l0 and l1 are the thickness of the sample center before and after test. Furthermore, the change of roughness was also calculated through the roughness before the test minus that after the test. The roughness was measured by a detecting instrument (TR200) with a resolution of 0.01 μm/±20 μm. The surface roughness measurement of each specimen was carried out five times and the average value was taken.



Differential scanning calorimetry (DSC) and thermogravimetric (TGA) analysis of the vermicular cast iron was performed in air from room temperature to 1100 °C at a heating rate of 10 °C/min on a METTLER TOLEDO (Columbus, OH, USA) TGA/DSC 1 Thermal Analysis System. An optical microscope (NIKON EPIHOT3000, Tokyo, Japan) and scanning electron microscope (SEM, JSM6460) with energy dispersive spectroscopy (EDS) were used to observe the microstructure and morphology and analyze the chemical composition of the vermicular cast iron before and after the test. The phase analysis was carried out by a Shimadzu (Kyoto, Japan) X-ray diffractometer with the LabXXRD–6000 model.





3. Results and Discussion


3.1. Microstructure of the Vermicular Cast Iron


Figure 2 shows the microstructure, EDS analysis, and XRD pattern of the prepared RuT. Figure 2a,b shows the morphology of the unetched and etched specimen under the optical microscope. In Figure 2a, it was obvious that two different phases existed in the vermicular cast iron. The uniformly distributed black phase should be graphite and most of the phase was worm-like. Thus, there was no doubt that the black phase was vermicular graphite. In the OM morphology after corrosion by 4 wt% nitric acid alcohol, it was found that the gray phase in Figure 2a was composed of white ferrite (F) and dark gray pearlite (P). The blunt ferrite enwrapped the vermicular graphite. Depending on the calculation by ImageJ software through three representative microscopic photographs, it was confirmed that the vermicular rate was 80~85%. Combined with the EDS results in Figure 2c and the XRD pattern in Figure 2d, the elemental composition of the vermicular cast iron was ascertained to be Fe, with a small amount of C, Si, and Mn, and some other trace elements.




3.2. Impact in High Frequency Cyclic Plasma and Facial Cooling Airflow


All of the changes in the mass, thickness, and roughness of the RuT after the test in different facial cooling airflows are displayed in Figure 3. As the flux of the cooling airflow elevated, the mass and linear loss showed similar changing rules, which increased first and then decreased, and presented titled inverted V-shaped curves. Furthermore, the values of thickness and mass losses were negative when the cooling airflow was below 1 m3/h, and became positive under a higher flux of airflow. As the airflow increased to 3 m3/h, the loss of thickness and mass were still positive but showed certain decreases. Obviously, the vermicular cast iron had a weight and thickness gain first, and then went into reverse with the rising flux in the facial cooling airflow. In contrast, the change in roughness exhibited a continuously declining trend, which should be closely related to the surface oxides.



Figure 4a shows the macroscopic photos of the RuT after the test in different facial cooling airflows. Due to the scouring of the circulating plasma and cooling airflow, different degrees of changes in the macroscopic shape of the sample came into being. It was clear that the surface center (marked by dotted circle) was heavily oxidized and had a distinct color in comparison with the surrounding region. With the increase in the flux of the cooling airflow, the region became smaller and smaller, which indicated that the heat affected zone decreased continuously. Due to the high temperature of the plasma, several oxides would be generated in the center zone since the oxidation of iron will form a variety of oxides. As presented in the XRD patterns (Figure 4b), the main composition of the tested surface comprised Fe, Fe2O3, and Fe3O4; no FeO was detected. It could be inferred that the oxides on the surface were a mixture of Fe2O3 and Fe3O4 while the Fe2O3 was greater. Furthermore, it could be seen that the intensities of both the Fe2O3 and Fe3O4 diffraction peaks declined with the strengthening of the facial cooling airflow. When the airflow rate was 3 m3/h, the Fe3O4 could not be detected and the diffraction peak of Fe2O3 was the weakest. Reconsidering the result in Figure 3, it was deduced that the oxides was the key factor of roughness, and the greater the oxides, the rougher the tested surface. When the cooling airflow worked on the surface, thermal shock was enhanced and the oxides were peeled off under scouring. As more oxides would be blown off the surface by the rising facial cooling airflow, the increases in the mass and linear losses displayed in Figure 3 were reasonable.



Figure 5 and Figure 6 exhibit the surface and cross-section morphologies of the RuT after test in the cyclic plasma and different facial cooling airflows, respectively. When the airflow was zero, the outer oxide layer could be clearly observed and the surface of the sample was uneven, as presented in Figure 5a and Figure 6a. The oxide layer gradually decreased as the airflow strengthened (Figure 5b,c and Figure 6b,c). When the flux of the airflow reached 3 m3/h (Figure 5d and Figure 6d), there was no obvious oxide layer on the surface, the oxide and matrix alloys tended to be integrated, and only some oxide particles (marked by dotted ellipse) were distributed on the tested surface. According to the EDS analysis, the outside of the oxide layer was composed of Fe2O3, which was consistent with the normal oxidation in static air. Compared with the original morphology, it was obvious that several pores were formed on the tested surface by the oxidation of graphite. These pores tended to be closed (in Figure 5a) due to the continuous expansion of these iron oxides. When the facial cooling airflow came into being, the oxidation of Fe was inhibited and the pores from the oxidized graphite became clear.



Figure 7 shows the surface temperature of the tested samples during thermal shock. All curves of the four groups first rose and then tended to stabilize. Under the condition of the gas flow rate of 0 m3/h, the temperature peak gradually increased to more than 700 °C with the rising time, and when the gas flow rate was elevated to 3 m3/h, the peak decreased to about 450 °C. In other words, the peak value of the temperature decreased continuously with the heightening of the airflow, which should result from the more consumption of heat during cooling. Furthermore, some abnormal fluctuations of the surface temperatures (indicated by green dotted circle) occurred and reduced with the rising airflow. Considering that the temperature was obtained from the radiant intensity of the surface phases, it could be deduced that some surface oxides were peeled off during test since the oxide is a decisive factor of the surface temperature for its different thermal characteristics with substrate iron. Usually, the scouring is enhanced with the increased flux of the facial airflow, and more oxides should be blown away. However, the lessened and weakened abnormal fluctuation indicated that the stripped oxides were reduced. This might be related to the decline in surface temperature and the inhibited oxidation of Fe. The change in the surface states might be the main reason for the inflection of the mass and linear losses in Figure 3.



In conclusion, after the high frequency impact of plasma and different facial cooling airflows on the vermicular cast iron, new oxides of Fe2O3 and Fe3O4 were generated on the surface compared with the original sample. With the increase in cooling airflow, the thermal eroded area reduced at a macroscopic scale. Microscopically, the amount of oxide generated on the surface of the sample decreased until no obvious oxide layer was observed. In other words, the oxide layer and the matrix alloy gradually tended to integrated under the increasing airflow, and only some oxide particles were situated at the tested surface under 3 m3/h. Meanwhile, the surface became flat. Furthermore, when the facial cooling air flow increased from 0 to 3 m3/h, the pores formed by graphite oxidation changed from closed to gradually open, the peak surface temperature of the tested surface gradually decreased, and the oxidation of iron was obviously suppressed.




3.3. Erosion Mechanism in the Thermal Shock


During thermal shock, phase transformation, thermal chemical reactions, and thermal stress always induce surface damage. In plasma, scouring by the fluid was also a key destructive factor; this scouring will have a large impact on the surface condition of the material. To understand the erosion mechanism of the vermicular cast iron in the high frequency cyclic plasma and different facial cooling airflows, how phase transformation, thermal chemical reactions, and the others work should be clarified.



Figure 8 presents the DSC/TGA thermal analysis of the RuT in air. As can be seen from the graph, the material gained weight throughout the process, which could explain that the mass and linear losses were negative when the airflow rate was low. Moreover, it can be clearly seen that an obvious weight gain occurred above 900 °C, which suggests that the oxidation below 900 °C was mild. Furthermore, there was a sudden fluctuation decrease in the curve of the heat flow at 750~800 °C, which corresponded to the phase transformation from pearlite to austenite. From Figure 7, it can be seen that all of the surface temperatures of the four tested groups were lower than 750 °C. Thus, phase transformation played a limited role in the erosion of the vermicular cast iron, and the oxides were mainly from the mild oxidation reaction.



Figure 9 shows the Gibbs free energy change curves of the possible reactions during the thermal shock process. In the case of sufficient oxygen in air, oxygen reacts with metal and graphite, corresponding to reaction Equations (3)–(6), and in the case of the scarcity of oxygen in air, the reactions of reaction Equations (7)–(10) occur.



The reaction chemical formulas are as follows:


Fe + 1/2O2 → FeO



(3)






Fe + 2/3O2 → 1/3Fe3O4



(4)






Fe + 3/4O2 → 1/2Fe2O3



(5)






C + 1/2O2 → CO



(6)






2Fe + O2 → 2FeO



(7)






3/2Fe + O2 → 1/2Fe3O4



(8)






4/3Fe + O2 → 2/3Fe2O3



(9)






C + O2 → CO2



(10)







As well-known, chemical reactions can proceed spontaneously at negative Gibbs free energy change, where the smaller the Gibbs free energy value, the greater the tendency for the reaction to occur relatively. Therefore, from the Gibbs free energy change curve, it can be concluded that the dominant reaction is mainly controlled by the mass transfer of the oxidizing atmosphere on the surface. In the case of sufficient oxygen, Reaction (5) has a stronger tendency to proceed, followed by Reaction (4), so the outer surface is apt to form Fe2O3, while the sub-layer tends to generate Fe3O4. Combined with the XRD pattern, it can be determined that the oxides on the tested surface were mainly Fe2O3, which mixed with the underlying Fe3O4. Normally, the oxidation products of Fe are mainly controlled by the relative content of oxygen and the reaction temperature. At high temperature, the phases from inside to outside of the oxidized cast iron should be Fe–FeO–Fe3O4–Fe2O3. No FeO detected in this work should come from its low content or decomposition during cooling.



Figure 10 shows the schematic mechanism of the RuT surface evolution in the high frequency cyclic plasma and facial cooling airflow. Based on the above analysis, it can be inferred that the thermal chemical reactions, thermal stress, and scouring by the plasma were the main destructive factors. With an increase in the flux of the facial cooling airflow, the oxidation was reduced for the decreased heat affected zone and surface temperature. All of the morphologies in Figure 4a, Figure 5, and Figure 6 prove this. Therefore, it seems that a lower mass and linear gain are reasonable. However, the mass and linear losses showed positive values and an inflection appeared at 1 m3/h. This is because during the test, the surface damage was first caused by oxidation, and then the increase in the facial cooling airflow promoted oxide stripping under thermal stress and scouring. Therefore, when the oxidation dominated the erosion, the mass and linear losses were negative, which would become positive under stronger mechanical erosion by thermal stress and scouring. When the cooling airflow was further strengthened, even though the thermal stress and scouring ability to strip the oxide increased, less oxide was formed due to the decrease in surface temperature, which led to the peeling off being limited As a result, the mass and linear losses fell after a rise. Meanwhile, the different densities and thermal expansion behaviors between the oxides and Fe substrate resulted in a large change in roughness under thermal shock. As fewer oxides formed and were peeled off by thermal stress and scouring, it decreased and approached a stable value.





4. Conclusions


The microstructural evolution, oxidative erosion behavior, and mechanism analyses of vermicular cast iron after being subjected to high frequent cyclic plasma and different facial cooling airflows were investigated. Based on the experimental results and discussion, the following conclusions can be drawn:




	(1)

	
In high frequency cyclic plasma and airflow, both the mass and linear losses of the vermicular cast iron displayed titled inverted V-shaped relationships with the strengthening of facial airflow cooling, and had negative values when the flux was zero. Meanwhile, the roughness change, area of the eroded zone, and the fluctuated surface temperature decreased continuously.




	(2)

	
The oxidation was weakened while the peeling off by thermal stress and cooling airflow was enhanced with the rise in the flux of the facial cooling airflow. Weight gain from oxidation dominated the erosion first, and was then replaced by the peeling off, which determined the inflexion of the mass and linear losses, and the surface oxides dominated the change in the roughness.
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Figure 1. Schematic test of the vermicular cast iron in high frequency cyclic plasma and facial cooling airflow. 
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Figure 2. Microstructure, EDS analysis, and XRD pattern of the RuT: (a) OM morphology without corrosion; (b) OM morphology after corrosion; (c) second-electron morphology and EDS analysis; (d) XRD pattern. 
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Figure 3. Evolution of the thickness, mass, and roughness of the RuT after the test in high frequency cyclic plasma and different facial cooling airflows. 
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Figure 4. Macro-photos and XRD patterns of the RuT after testing in high frequency cyclic plasma and different facial cooling airflows: (a) macro-photos; (b) XRD patterns. 
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Figure 5. Surface morphologies and EDS analysis of the RuT after testing in high frequency cyclic plasma and different facial cooling airflows: (a) RuT-0; (b) RuT-1; (c) RuT-2; (d) RuT-3. 






Figure 5. Surface morphologies and EDS analysis of the RuT after testing in high frequency cyclic plasma and different facial cooling airflows: (a) RuT-0; (b) RuT-1; (c) RuT-2; (d) RuT-3.



[image: Metals 13 00577 g005]







[image: Metals 13 00577 g006 550] 





Figure 6. Cross-section morphologies of the RuT after test in high frequent cyclic plasma and different facial cooling airflows: (a) RuT-0; (b) RuT-1; (c) RuT-2; (d) RuT-3. 
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Figure 7. Surface temperatures of the RuT during testing in high frequency cyclic plasma and different facial cooling airflows. 
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Figure 8. TGA/DSC thermal analysis of the RuT. 
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Figure 9. Changes in the standard Gibbs free energies of the relative reactions. 
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Figure 10. Schematic surface evolution of the RuT in high frequency cyclic plasma and facial cooling airflow. 
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