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Abstract

:

Using nanoindentation technology to analyze the hardness and elastic modulus distributions of the local microzones within materials, it can be determined that the case-carburized specimen is a composite of the carburized case and the pseudo-carburized material in the core. The overall mechanical behavior of the case-carburized material is much closer to that of the completely carburized material, indicating that the carburized case dominates the case-carburized material. Stress fatigue tests conducted on carburized tubular specimens, pseudo-carburized solid specimens, and case-carburized solid specimens showed that the fatigue performance of the completely carburized material is slightly lower than that of the pseudo-carburized specimens due to lower plasticity. However, the fatigue performance of the case-carburized specimens is significantly better than that of the two homogeneous materials. This could be attributed to the graded material behavior and the larger compressive residual stress in the carburized case, which are the primary positive factors for improving the fatigue life of case-carburized materials. SEM fractographs revealed that the fatigue nucleation in the case-carburized specimen initiates from the transition zone rather than from the surface of the specimens as observed in the homogeneous materials. Low-cycle fatigue evaluation of ultra-high-power gear transmission systems should focus on the influences of the carburized case.
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1. Introduction


As the Pratt & Whitney geared turbofan (GTF) engine matures, it is expected that ultra-high-power reduction gear systems will become more prevalent in the rotor system of aeroengines. However, gear design must address low-cycle fatigue as the primary failure mode, as bending loads at the tooth root of gears are much larger in the rotor system than in ordinary transmission systems. To improve the fatigue resistance and service life of parts generally, carburization is widely used in aeroengine reduction gearboxes [1,2]. Therefore, it is important to quantify the mechanical behavior and low-cycle fatigue performance of carburized parts.



Carburization is a process of case hardening where the specimens to be carburized are placed in a kerosene atmosphere and heated to 850∼950 °C. This allows carbon atoms in the environment to infiltrate into the materials, typically low-carbon steels that are readily fabricated into mechanical parts. The gradient in the carbon content beneath the surface of the parts results in a corresponding gradient in hardness, creating a strong and hardened case on the parts, whereas the core of the parts remains soft and tough.



Meanwhile, carbon atoms enter the surface of the parts and form residual stress [3] due to the sequence of microstructure transformations upon quenching. Generally, this residual stress can significantly affect the mechanical properties of carburized parts, including hardness, yield strength, tensile strength, and fatigue performance. As a result, the distribution of residual stress along the depth of carburized specimens has been widely studied. It has been found that the surface of such specimens has residual compressive stress, which reaches the maximum value at some distance from the surface of the specimens and then gradually decreases with depth. Eventually, it reaches a stable value of residual tensile stress [4,5]. However, residual stress distributions can be more complex within carburized parts because of temperature gradients and retained austenite [6], thus making accurately characterizing the effect of residual stress on the fatigue performance in carburized parts difficult.



To properly design parts that require carburization to achieve high wear and fatigue strength, such as gears and shafts, the effects of case depth, retained austenite, hardness, and residual stress on fatigue performance in case-carburized materials have been widely investigated in [7,8,9,10]. It has been found that fatigue cracks always initiate underneath the carburized case at a very early stage of fatigue life and subsequently grow predominantly into the core material regardless of the environment and stress level, and the carburized materials show considerably higher fatigue strength compared with the untreated materials [11,12]. Because the graded material behavior and the residual stress make mechanical analysis of the case-carburized parts considerably more difficult, life models based on nominal stress or nominal strain are still used in practice, leading to much more conservative treatments being necessary for safety. Inevitably, this traditional approach contradicts the requirement to pursue the smallest size and weight in engineering design, particularly in the aerospace and aeroengine domains.



In summary, carburization of mechanical parts is popular for generally improving the fatigue performance of parts. However, how to characterize the mechanical properties of carburized materials and to quantify the effects of residual stress induced by carburization on the fatigue life of carburized mechanical parts remain open questions. Additionally, methods for accurately predicting the fatigue life of carburized parts based on the fatigue performance of homogeneous materials have not been established. Therefore, in the present paper, the effects of carburization on the mechanical properties and fatigue performance of the low-carbon steel 18Cr2Ni4WA are investigated through indentation tests, tensile tests, and fatigue tests using solid and thin-walled tubular specimens after carburizing and solid specimens subjected to pseudo-carburizing. Here, pseudo-carburizing is a simulated carburization procedure that is performed without the carburizing medium [13].




2. Materials and Methods


18Cr2Ni4WA is a low-carbon steel with the following chemical composition (in wt%): 0.16 C, 0.19 Si, 0.33 Mn, 1.55 Cr, 4.22 Ni, 0.97 W, 0.005 S, 0.01 V, 0.01 Mo, 0.008 P, 0.009 Ti, 0.04 Cu-Fe (balance). After carburizing, the surface of parts forms a carburized case that has a higher hardness. To characterize the mechanical properties and fatigue performance of the carburized 18Cr2Ni4WA steel, round bars with a diameter of 18 mm were produced using virgin material. Solid specimens with a cylindrical gauge of 18 mm in length and 6 mm in diameter, as well as tubular specimens with a similar gauge length, 10 mm external diameter, and 8 mm inner diameter, as shown in Figure 1, were then machined and subjected to carburization and pseudo-carburization, respectively.



The process of carburization used in this paper included four stages. First, the carburized specimens were subjected to a kerosene atmosphere at a temperature of 850 °C with a carbon content of 0.5%, held for 2 h for heat treatment, then heated to the carburizing temperature of 930 °C with an increased carbon content of 1.2%, and held for 6 h for the forced carburizing. Next, the carburized specimens were held for 4 h for the diffusion carburizing with a carbon content of 0.98% without a temperature change. Finally, the specimens were cooled at room temperature. The pseudo-carburizing process was a simulated carburization procedure performed with a carbon content of 0%.




3. Results and Discussions


3.1. Static Mechanical Properties


The nanoindentation test has become a wildly used method for investigating the mechanical properties in the microzone of a material [14,15,16,17]. For case-carburized materials, obtaining appropriate parameters of mechanical properties through tensile and compressive tests is very difficult because the elastic–plastic response varies with the depth from the surface of the specimens. The microindentation technique based on hardness measurements is considered to be an inexpensive, non-destructive, and simple method for obtaining a material’s mechanical behavior parameters, especially for gradient materials such as carburized materials [18,19,20].



3.1.1. Distributions of Hardness and Elastic Modulus


Three types of specimens were obtained including case-carburized cylindrical specimens (C.Cylin.), carburized tubular specimens (C.Tub.), and pseudo-carburized cylindrical specimens (P.Cylin.). In general, carburization improves the hardness of the surface of the specimens by increasing the carbon content of the surfaces to form martensite with a high carbon content; however, the carbon content of pseudo-carburizing specimens still remains the same value as that of the virgin material. Figure 2a,b show the distributions of carbon content and Brinell hardness within different specimens separately. In this study, the hardness of the specimens was measured using Agilent’s Nanoindenter G200 with a Berkovich indenter with the continuous stiffness method. It can be observed that the distribution of the carbon content is similar to that of the hardness for the solid specimens after carburizing, and that the maximum hardness of the carburized steel is about 10.5 GPa, which is almost independent of the shape of the specimens. For the case-carburized solid specimen, the hardness is significantly reduced with depth and is approximately a linear function of depth when the depth exceeds 350 μm, while the hardness at depths beyond approximately 800 μm tends to stabilize, approaching that of the pseudo-carburized solid specimens, at approximately 5.0 GPa. Therefore, the thickness of the carburized case for the case-carburized solid specimen can be estimated as 800 μm.



A load–displacement curve (often called P-h curve) at every indenter can be obtained during the nanoindentation tests. Based on the P-h curves, the elastic modulus of the local microzone material of the specimens can be conducted through Dao’s method [21], a sort of reverse analysis algorithm of nanoindentation. Figure 2c shows the distributions of the elastic modulus of the different specimens; it is obvious that the elastic modulus of the carburizing steel is almost not affected by the carburization and the depth from the surface of the specimen. The average value of the calculated elastic modulus is about 190 GPa. According to the distributions of hardness and elastic modulus, the solid specimens can be considered as a combination of the completely carburized case material and the pseudo-carburized core material. Furthermore, the hollow tubular specimens can be considered a completely carburized steel used to investigate the approximate mechanical properties and fatigue performance of the carburized case, while the pseudo-carburized cylindrical specimens can be used to investigate the mechanical properties and fatigue performance of the materials in the core of the case-carburized solid specimen.



Note that for the carburized specimens in Figure 2b, the hardness of the surface significantly decreases within a depth of less than 200 μm due to more retained austenite (RA) in the surface, as shown in Figure 3a, which indicates that the gradient in carbon content within the specimen results in not only a gradient hardness but also a graded change in microstructure. In the high-carbon-content area of the case, the microstructure consists mainly of acicular martensite and retained austenite, as well as carbides, whereas in the core region of the specimens more bainite and ferrite remain due to the low carbon content as shown in Figure 3b,d.




3.1.2. Distribution of Residual Stress


Carburization can introduce residual compressive stress into the case of solid specimens [22]. In this study, the distribution of residual stresses along the depth of the carburized solid specimen was measured through the milling method based on a focused ion beam (FIB) system. As shown in Figure 4, the maximum residual compressive stress in the carburized case is about 402 MPa, which is about 50% of the yield stress of the pseudo-carburized material in the core (shown in Figure 5), and it occurred at a depth of about 215 μm from the surface of the solid specimen. The residual stress tends to zero in the region of 1 mm depth and will then become the tensile stress in the core region of the specimen from consideration of force balances. Therefore, there is almost always residual compressive stress in the whole carburized case.



Residual stress will generally change the mechanical properties of parts and then seriously affect the service life of parts, particularly when the residual stress on the surface of parts is larger. As shown in Figure 2b,c, however, these distributions of hardness and elastic modulus may not be significantly affected by the residual stress within the solid specimens.




3.1.3. Stress–Strain Curves


The mechanical properties of a homogeneous material are typically measured through tensile or compressive tests, in which the nominal stress in the gauge of the specimen is the true stress of the material. The tubular specimen and the pseudo-carburized solid specimen are approximately homogeneous, and there is almost no residual stress within the specimens. However, the case-carburized solid specimen is a nonuniform material because the microstructures in the core are significantly different from those in the case within the specimen [23], which can be considered a combination of the carburized steel in the case and the pseudo-carburized steel in the core. In addition, on the surface of the specimen, there is higher residual compressive stress, whereas there is residual tensile stress in the core. Therefore, the nominal stress–strain curve obtained from the tensile test cannot characterize the true mechanical behavior but rather only the average properties of the graded materials within the carburized solid specimen.



Stress–strain curves of three types of specimens obtained from the tensile tests on an MTS809 hydraulic servo tester are shown in Figure 5. The elastic moduli of the different specimens are almost consistent, approximately 197 GPa, which is a less than 3.1% difference, and almost not affected by the material state. Comparing the macrotensile test and indentation test, the difference between the elastic modulus values is less than 5.0%. The monotonic tensile properties are listed in Table 1.



Note that the nominal stress–strain curve of the case-carburized cylindrical specimen is very similar to that of the carburizing tubular specimen and is almost free of plastic deformation, as shown in Figure 5, indicating that the carburized case will dominate the deformation in monotonic loading. Nevertheless, the values of fracture stress and fracture strain on the case-carburized specimen, 1313 MPa and 1.13%, respectively, are larger than those of the completely carburized tubular specimen, indicating that the strength and toughness of the carburized cylindrical specimen have been improved compared with those of the material in the carburized tubular specimen. However, the material after pseudo-carburization becomes more ductile, and its fracture strains are greater than 5.0%. In short, the mechanical behavior of carburized parts can be deduced from that of simple specimens, that is, the carburized case will dominate the deformation and fracture of carburized parts, and its damage under monotonic tensile loads is also primarily a brittle fracture.





3.2. Fatigue Tests and Properties


Higher hardness and brittleness are the main characteristics of the mechanical properties of carburized steel; the former can improve the wear and fatigue resistance of the material, whereas the latter will result in a decrease in the fatigue performance of the material. As shown in Figure 5, the mechanical behavior of carburized parts is almost linear and is closer to that of the completely carburized steel. Fatigue tests for carburized materials are conducted with stress controlled rather than strain controlled due to higher brittleness. To quantify the fatigue properties of the carburized part, fatigue tests for the carburized thin-walled tubular specimens, the pseudo-carburized solid specimens, and the carburized solid specimens were performed with stress controlled with a completely inverted load on an MTS809 hydraulic servo tester.



The stress–life curves (often called S-N curves) of the pseudo-carburized steel and the carburized steel are shown in Figure 6, including the tubular and solid specimens after carburization and the solid specimens after pseudo-carburization. In general, the S-N curves can be characterized through the Basquin model as follows:


   S a  = A     2  N f     n   



(1)




where    N f    is the number of fatigue cycles,    S a    is the stress amplitude of the applied load, and  A  and  n  are model parameters.



Because both the carburized tubular specimens and the pseudo-carburized solid specimens can be approximately considered as uniform materials, which ensures that the nominal stress in the specimens is uniaxial and is equal to the true stress of the specimens for the uniaxial fatigue tests, the S-N curves can reflect the fatigue properties of completely carburized steel and pseudo-carburized steel and can generally be characterized by the conventional Basquin model, for which the parameters are listed in Table 2. Due to concern about the LCF performance of materials,    S a    can be calculated according to the Basquin equation (Equation (1)) occurring at    N f  =   10  5    cycles.



Note that, as shown in Figure 6, the fatigue life of the completely carburized steel is slightly lower than that of the pseudo-carburized base metal due to its worse plasticity, indicating that the carbon content during carburization cannot improve the fatigue properties of the low-carbon steel 18Cr2Ni4WA. Meanwhile, it can clearly be observed that the fatigue performance of the case-carburized solid specimens is significantly higher than that of the carburized tubular specimens and pseudo-carburized specimens. As mentioned earlier, the carburized cylindrical specimen can be considered as a combination of the carburized steel in the case and the pseudo-carburized steel in the core, while the overall mechanical behavior of the case-carburized material only shows slightly better ductility than the completely carburized steel, as shown in Figure 5. Moreover, note that the amplitude of the residual compressive stress in the carburized case of the solid specimen has exceeded the fatigue strengths of the uniform materials, as shown in Table 2; thus, the material fatigue damage on the surface might be delayed, and the overall fatigue performance of the specimens is improved. Therefore, both the graded mechanical behavior and residual stress are positive factors in improving the fatigue life of the case-carburized part.



Due to the inhomogeneous mechanical behavior of the case-carburized material, the nominal stress obtained from the uniaxial fatigue test cannot represent the true stress of the case-carburized specimens with residual stress. Therefore, the nominal S-N curve obtained from the case-carburized cylindrical specimens cannot be used to directly predict the life of carburized parts in engineering design. In engineering applications, the prediction of the fatigue life of carburized parts is traditionally achieved through stress–life models based on the carburized case material or the pseudo-carburized core material. Under the nominal completely inverted load, the local mean stress inside the case-carburized solid specimens might not be zero due to residual stress.



An exponential stress function that relates the effect of mean stress on the fatigue strength and life was presented by Kwofie [24,25], given as follows:


   σ a  =  S a   e    − α    σ m     S u         



(2)




where    σ a    is the local stress amplitude of the specimen,    σ m    is the local mean stress,    S a    is the fatigue strength of the specimen when both the mean stress and residual stress are zero,    S u    is the tensile strength of the material, and  α  is the material sensitivity to mean stress depending on the material.



Note that    e    − α    σ m     S u          only retains the linear terms of the Taylor expansion; the correction model can be written as follows:


   σ a  =  S a    1 − α    σ m     S u       



(3)







When  α  is a different value such as   α = − 1  ,   α =    σ m     S u     , and   α =    σ m   A   , the Goodman relation, the Gerber relation, and the Morrow relation can be obtained, respectively. Therefore, the Kwofie model can be considered a more common correlation to the mean stress.



Assuming that the macroscopic mean stress in case-carburized solid specimens is zero, the maximum residual compressive stress    σ m  = − 402   MPa   is taken as the local mean stress. Based on the completely carburized specimens and the pseudo-carburized specimens, the parameters of Equation (2) on the case-carburized material are obtained listed in Table 3. It is clear that the correction model based on the completely carburized specimens is more consistent with the test data than that based on the pseudo-carburized specimens, and the values of    R 2    between the predicted and experimental data are 0.8501 and 0.8006, respectively.




3.3. Damage Mechanism


Generally, low-cycle fatigue (LCF) damage to metal tends to initiate from the sur- face of the specimen, particularly for homogeneous materials. Scanning electron microscopy (SEM) fractographs of the fracture morphologies of the LCF specimens in the uniform material were obtained, as shown in Figure 7. Note that the fatigue nucleation initiates clearly on the surface of the pseudo-carburized specimen, while for the carburized tubular specimen, the fatigue source can still be observed, albeit less clearly, as shown at location ’A’ in Figure 7. Moreover, the fracture surface of the pseudo-carburized specimen shows more significant plastic deformation compared with that of the carburized tubular specimen, which is approximately considered to be a brittle material, as shown in Figure 5.



Figure 8 shows the SEM fractographs of the fracture morphologies of the case-carburized specimens in the low-cycle domain. These differ from those of the specimens in the uniform material in that for the case-carburized specimen, the fatigue nucleation initiates from inclusions or cementite in the transition zone rather than from the surface of the specimen shown in Figure 8b. Additionally, note that, as for the case-carburized material, microcracks are always more prone to propagate to the softer core material, leading to a smoother fracture surface being observed in the carburized case, as shown in Figure 8a. The transition zone is defined as the domain between the completely carburized layer and the core, at a depth between approximately 350 μm and 800 μm for the case-carburized solid specimen here. As shown in Figure 8c, in the core, significant plastic deformation has occurred, while a completely brittle fracture occurred in the carburized case in Figure 8d.





4. Conclusions


	
Although the case-carburized solid specimen can be considered a combination of the carburized case and the pseudo-carburized steel, the overall mechanical behavior of the case-carburized material is much closer to that of the completely carburized materials. This means that the mechanical behavior of the carburized case dominates that of the case-carburized parts. In the low-cycle fatigue (LCF) domain, however, the fatigue performance of the case-carburized material is significantly better than that of the two types of homogeneous materials. Furthermore, the fatigue performance of the completely carburized material is slightly worse than that of the pseudo-carburized material.



	
SEM fractographs were obtained from the fracture surfaces of three types of specimens. Compared with the uniform material specimens, under the stress-controlled LCF test, the fatigue nucleation in the case-carburized specimen might not initiate from the surface of the specimen but in the transition zone, and the microcracks are always more prone to propagate to the softer core material.



	
The carbon content in the 18Cr2Ni4WA low-carbon steel specimens does not improve their low-cycle fatigue properties. However, the graded performance and the compressive residual stress induced by the carburization process could be the primary factors in enhancing the fatigue life of case-carburized components. For ultra-high-power gear transmission systems in the GTF engine, the evaluation of low-cycle fatigue for gears should mainly consider the influences of the carburized case on the carburized gears.
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Figure 1. (a) Solid specimen and (b) tubular specimen with 1 mm wall thickness. 
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Figure 2. (a) Distributions of carbon content in the solid specimens and (b) distributions of hardness and (c) elastic modulus obtained from the nanoindentation tests in three types of specimens. 
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Figure 3. (a) Distribution of retained austenite (RA) and microstructures at different depths in the solid specimen: (b) on the surface of the solid specimen, (c) at the depth of 200 μm, and (d) at the depth of 800 μm. 
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Figure 4. Axial residual stress distribution of case-carburized solid specimen. Bars on top indicate the standard deviation. 






Figure 4. Axial residual stress distribution of case-carburized solid specimen. Bars on top indicate the standard deviation.



[image: Processes 11 01275 g004]







[image: Processes 11 01275 g005 550] 





Figure 5. Stress–strain curves obtained from tensile tests of three different specimens. 
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Figure 6. Reversals to failure of pseudo-carburized specimens and carburized specimens. 






Figure 6. Reversals to failure of pseudo-carburized specimens and carburized specimens.



[image: Processes 11 01275 g006]







[image: Processes 11 01275 g007 550] 





Figure 7. Fracture surfaces of homogeneous materials at low-cycle domain: (a) fracture morphology of pseudo-carburized specimen at Nf = 40,929 cycles and (b) fracture morphology of carburized tubular specimen at Nf = 22,666 cycles. 
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Figure 8. Fracture surface of the case-carburized specimen at Nf = 13,367 cycles: (a) whole fracture morphology, (b) fatigue nucleation at location A, (c) fracture morphology in the core, and (d) fatigue morphology in the case. 
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Table 1. Tensile properties of the materials.
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	Type

-
	E

GPa
	    σ  0.2     

MPa
	Fracture Stress

MPa
	Fracture Strain

%





	C.Tub.
	197.0
	1102.0
	1262.0
	0.93



	C.Cylin.
	197.0
	1059.0
	1313.0
	1.13



	P.Cylin.
	197.0
	674.0
	973.0
	5.03
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Table 2. Material parameters in the Basquin model.






Table 2. Material parameters in the Basquin model.





	Type

-
	A

MPa
	n

-
	    S a    

MPa
	    R 2    

-





	C.Tub.
	2113.8
	−0.1666
	310.7
	0.9149



	C.Cylin.
	2649.5
	−0.1396
	531.2
	0.8967



	P.Cylin.
	2715.3
	−0.1829
	330.4
	0.9524
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Table 3. Parameters of the Kwofie model for the case-carburized material.






Table 3. Parameters of the Kwofie model for the case-carburized material.





	Type

-
	    σ a    

MPa
	    S u    

MPa
	   α   

-
	    R 2    

-





	Based on C.Tub.
	492.9
	1262.0
	1.3980
	0.8501



	Based on P.Cylin.
	449.5
	973.0
	0.9996
	0.8006
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