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Abstract: The type of technology used to strengthen the surface structure of machine parts, typically by carbon-permeation, has made a great contribution to the mechanical engineering industry because of its outstanding advantages in corrosion resistance and enhanced mechanical and physical properties. Furthermore, carbon permeation is considered as an optimal method of heat treatment through the diffusion of carbon atoms into the surface of alloy steel. This study presented research results on the thermodynamic calculation and simulation of the carbon permeability process. Applying Fick’s law, the paper calculated the distribution of carbon concentration in the alloy steel after it is absorbed from the surface into the internal of the sample. Using the SYSWELD software, an analysis was performed on the carbon permeability process to determine the distribution of carbon concentrations in 20CrMo steel that was then followed by a detailed analysis of the microstructure of the sample post the carburizing process. According to the calculation results, the surface carbon content was 0.9% and steadily decreased into the core. After 3 hours, the depth of the absorbent layer was measured at 0.5 mm for both the cylindrical and cubic samples. By analyzing the phase, the distribution of martensite phases such as ferrite/pearlite and residual austenite was also determined after the carburizing process.
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1  Introduction

Heat treatment played an important role in mechanical fabrication because it not only instilled in the post-machined parts the necessary properties but also increased the mechanical properties of the material. Therefore, it could be said that heat treatment was one of the important technological factors that determined the quality of mechanical products [1,2]. In addition, heat treatment had a decisive effect on the life of mechanical products. Therefore, if the heat treatment were not guaranteed, the life of the part might be reduced and the accuracy of the machine could no longer be kept as required [3]. For industrialized countries, the assessment of the mechanical manufacturing industry often relied on the level of heat treatment. In the absence of heat treatment, the quality of the mechanical fabrication could not be qualified no matter how precise the mechanical processing was.

Under high temperatures, heat treatment process applied a thermal diffusion treatment to saturate the surface layer of parts with different elements in the atomic state of the external environment [4]. Moreover, heat treatment was intended to improve hardness, wear resistance, fatigue strength, long contact durability, against electrochemical and gas corrosion [5]. The carburizing process was a thermochemical method consisting of saturation (permeability, diffusion) of carbon into the surface of low carbon steel followed by quenching and tempering to attain increased surface hardness and high abrasion resistance, while the core had good strength and toughness [6]. The main purpose of carbon impregnation was to make the surface of steel hardened to 60–64 HRC with high wear resistance, good fatigue resistance, while the core was durable and tough with a hardness of 30–40 HRC. The permeability layer had a carbon concentration in the range of 0.8–1%, while if it were below this limit after quenching the permeation layer would not have enough hardness and wear resistance [6]. If it were above this limit, the absorbent layer might become brittle or flaky. The experiment showed that, with such a satisfactory carbon concentration of the permeability layer, the part with both hardness and good abrasion resistance achieved the highest durability. Furthermore, the microstructure of surfaces and cores after penetration, low quenching, and tempering should be achieved: surface-martensite and fine carbon particles evenly distributed, core-martensite and ferrite free [7].

Studying the effects of the element carbon on the process was quite complex. In research work, D’ Maz Silva et al. [8] conducted a carbon-nitrogen permeability experiment for low-alloy steel. In this work, the composition of the elements introduced into the permeable medium was identified as well as the structure of the phases formed in this process. The work of Catteau et al. [9] determined the effect of bainite transformation on the carburizing process; carbon-nitriding and nitriding of low-alloy carbon steel. Also in this work, the morphology of phases was examined by the experimental method. According to Stone et al. [10] using the X-ray method, austenite, and bainite phases were determined in steel. In the study of Esin et al. [11], they also observed the austenite phase formation in steel during heat treatment by experiment and X-ray diffraction. Moreover, the research on the effect of H2 content on carbon permeability by Pham et al. [12] revealed that the ratio of the mixture of CO2/gas could determine the penetration and the impact of H2 on the carbon permeability [13–16]. More interestingly, with a CO2/gas ratio between 2.5 and 3.0, a temperature of 920∘C, a pressure of 0.1MPa, and an N2 content of 70% were considered optimal parameters for carbon permeability. In terms of the vacuum carburizing process for low carbon alloy steel, Wei et al. [17] conducted a study on the complete heat treatment process for 20Cr2Ni4A steel to evaluate its mechanical properties and grain size after carburizing and quenching. The research reached highly positive conclusions on the vacuum carbon permeability method. Particularly, for finer particle dispersions without oxides, the hardness could reach 64.2HRC when the permeability layer thickness reached 0.86 mm.

The 20CrMo steel was a low carbon alloy steel, which was commonly used in the fabrication of heavy-duty gears with high corrosion resistance. Therefore, it was very necessary to improve the surface hardness of the machine parts using 20CrMo steel [18]. The application of a thermochemical process such as carbon ingress into the billet fabrication process was considered to be an effective solution in mechanical fabrication because it could both harden the surface while maintaining inner strength and toughness [19–22]. Despite the high numbers of studies focusing on the chemical heat treatment method, they only showed empirical methods to determine the phase structure. Specifically, the formation of phases from the input surface was examined without the introduction of any method of calculating prediction or simulating the formation of this phase when performing the permeation process. Therefore, in this study, we presented the calculation and simulation method of the seepage process to determine the phases, as well as the distribution of these phases while performing the process of carbon impregnation on 20CrMo steel. Besides, the mechanism of phase transformation and composition changes in the carburizing process was also clarified, which was very complex and difficult to recognize individual phases. More surprisingly, the simulation solution was seen as a salvage for the studies of the physical and chemical mechanisms that took place during the heat treatment of alloys. The phase transition state and the composition in the 20CrMo alloy steel during the carburizing process were supported by the SYSWELD simulation tool.

2  Materials and Methodology

The properties of steel may depend on the carbon content. In the process of carbon permeability, the carbon content obtained in the diffusion process always obeys the law of diffusion. According to Fick I’s law [23]:




J=-D*∂C/∂x(1)

where: J—diffusion rate per unit area; D—diffusion coefficient; ∂C/∂x is gradient concentration.

According to Fick II’s law:




∂C∂t=D∂2C∂x2(2)

where: ∂C—carbon concentration at time t and from surface x; t—time (s); D—diffusion coefficient; X—distance from the surface. According to J. Crank’s analysis of solving the diffusion problem, if we consider that the diffusion coefficient is constant and the boundary conditions at the surface are equilibrium as following equation [24]:




J=-D*∂C/∂x=α(Cg-CS)ρ(3)

where: α—the surface transfer factor.

Solving Eq. (2), it can be obtained:




C-COCg-CO=erfcX2Dt- exp(hx+h2Dt)erfc(x2Dt+hDt)(4)

where: C—carbon concentration at time t (s) and from the surface of the workpiece x (mm); Cg—carbon concentration in the carburizing environment; CO—initial carbon concentration of the sample. erfc(x)=1-erf(x) as error function.




h=α/D(5)

From Eq. (4) and with the surface with x=0, it can be determined that:




CS-COCg-CO=1- exp(h2Dt)erfc((hDt)(6)

Where: CS is carbon content on the surface. By combining Eqs. (3) and (5), the required carbon content can achieve as follows:




J=αexp(α2tD)erfc(αtD)(Cg-CO)ρ(7)

Thus, the total amount of carbon per unit surface area can be determined [25]:




M=(Cg-COh[exp(hDt)erfc(hDt-1+2πhDt](8)

The relationship between Mh/(Cg − CO) and the dimensionless parameter hDt is illustrated in the figure below when the transition on the surface is fast when the surface equilibrium achieves the same amount of carbon as in the permeable medium:




C-COCg-CO=erfcX2Dt(9)

At a defined distance, in which the diffusion coefficient can be determined, a carbon and nitrogen content distribution curve can be built. The relationship between diffusion coefficients and temperature could be illustrated by Eq. (10).




D(C,γ-Fe)=16.2exp(-137800RT)E(10)

Assuming that the carbon content on the surface is in equilibrium with the carbon content in the environment of carburizing, the relationship between the time and the distribution of carbon from the surface to the core could be depicted in Fig. 1.
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Figure 1: Distribution of carbon from the surface to the core

In Fig. 1, it could be seen that, if the diffusion time is greater, the slope of the distribution of carbon content from the surface to the core decreases. However, the steel grade for the core fabrication is 20CrMo, which is low alloy steel with some alloying elements such as Cr and Mo (Tab. 1), so it has a great influence on the carbon concentration [26]. The calculation results show that increasing permeability time increases the surface carbon content in the steel. However, that carbon concentration also depends on different distances. On the surface layer (distance less than 0.1 mm), the carbon concentration is almost constant at all three different permeate intervals. Meanwhile, the carbon concentrations at different permeation times have significant changes with depth from 0.1 to 0.5 mm. Especially with a depth of 0.3mm, the carbon concentration after 3 hours of penetration is 0.44% while the carbon concentration is 0.27% after 1h. As a result, the difference between these two seepage intervals of 0.17% is much greater than that of the surface layer. This can be explained that with a longer permeability time the carbon has time to diffuse inward, leading to a significant difference between the different permeability times.

Table 1: Table of the composition of the elements in 20CrMo steel
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Here we only consider the effect on the carbon addition during the carburizing process, not the effect of alloying elements on the properties of the material after heat treatment. The activity coefficient γC* of carbon in the multi-element system is determined [27]:




lnγC*= lnγCO+xidlnγCdxi+⋯+xndlnγCdxn(11)

where: xi—the molar fraction of element i and γC; xi—the activity coefficient of element carbon in a solid monotonic solution; dlnγCdxi=εCi—the alloy’s effect coefficient. Combining Eq. (10) with Eq. (11) leads to:




lnγC*= lnγC+xCεCa+⋯+xiεCi
(12)




lnγC*= lnγC+eCa%a+⋯+eCi%i
(13)




q=γC*γC= exp(eCa%a+⋯+eCi%i)


According to Gunnarson, %C%C* could be determined as follows [28]:




log%C%C*=0.055%Si-0.013%Mn-0.040%Cr+0.014%Ni-0.013%Mo(14)

%C%C*—the ratio between the carbon content of the sample and the carbon content of the iron. According to Neuman and Person, the value of q is determined:




q=1+[%Si]*(0.15+0.033*[%Si])+[%Mn]*0.0365-[%Cr]*(0.13-0.0055*[%Cr]+[%Ni]*(0.03+0.00365*[%Ni])-[%Mo]*(0.025-0.01*[%Mo])-[%Al]*(0.03-0.02*[%Al])–[%Cu]*(0.016+0.0014*[%Cu])-[%V]*(0.22-0.01*[%V])(16)

For 20CrMo steel:




log%C%C*=0.055*0.2261-0.013*0.7856-0.040*1.1864+0.014*0.0418-0.013*0.1651
(17)




log%C%C*=-0.04679andq=0.923
(18)

Calculation results based on Eqs. (14), (16) and (18) are depicted in Fig. 2, which presents the distribution of carbon from the surface to the core. This is similar to the data shown in Fig. 1 on the diffusion of carbon in the carburizing process at different time intervals.
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Figure 2: The theoretical carbon concentration distribution in 20CrMo steel

3  Results and Discussion

3.1 Simulation of Carburizing Process

Based on the finite element method, solve the Fick II equation with boundary conditions, initial conditions, and calculation parameters as mentioned above. The calculation results using the specialized software SYSWELD are shown from Figs. 3–10. At the initial time (0s), there is no diffusion of carbon from the permeable environment to surface of steel. Therefore, the carbon content in the whole model is still 0.184%. This result is matched with the carbon concentration of 20CrMo steel (Figs. 3 and 4), and with 0 sec time to describe the composition of the steel in equilibrium and prepare for the permeation process. After 10 seconds, the activated carbon from the absorbent medium diffuses into the sample and the maximum carbon content is 0.8348% at the sample surface (Fig. 5). We notice that at the corners of the model the thickness of the diffuse layer is greater than where there is a flat surface. This is because the diffusion here is the synthesis of 2 diffusion directions Y and Z.
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Figure 3: Diffusion of carbon in the mass sample at 0 sec
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Figure 4: Diffusion of carbon in a cylindrical sample at 0 sec
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Figure 5: Diffusion of carbon at 10 seconds on a bulk sample
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Figure 6: Diffusion of carbon at 10 seconds on cylinder sample
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Figure 7: Diffusion of carbon after absorbing for 3 hours on a bulk sample
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Figure 8: Diffusion of carbon after 3 hours infiltration on cylinder sample
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Figure 9: Graph of distribution of carbon content when seeping at different times on the block sample, from node 3068 to node 3128 (from the surface to the inside of the core)
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Figure 10: Graph of distribution of carbon content when seeping at different times on cylinder sample, from node 1585 to node 1531 (from the surface to the core)

Fig. 6 shows the distribution of carbon content in a cylindrical sample 10 seconds after the sample has been placed in the furnace. We see that although the depth of diffusion is still not great, the carbon concentration on the surface has reached the maximum value (0.8348%). Results of simulation of the carbon permeability process at 10 seconds both cylindrical and bulk samples show the carbon concentration on the surface of the sample. This carbon concentration is similar to that of the permeable environment. The carburizing process revealed only a thin layer of carbon adhered to the surface layer of the sample. After absorbing time of 3 hours, activated carbon from the absorbent medium diffuses into the model with a great depth (Fig. 7). Like the block sample, on the cylindrical sample (Fig. 8), after 3 hours of absorbing, the diffused carbon into the model also reaches a relatively large depth. The thickness of the region with a carbon concentration above 0.5% is also larger than that of the previous time. However, the cube pattern shows that at sharp angles, the carbon content corresponding to 0.77% is concentrated in the corners. Besides, the cylindrical permeation sample is quite even in all positions. This simulation result is completely consistent with the carburizing principle of the carburizing process when there is a concentration of absorbent elements at sharp corners.

Indeed, with different two models, increasing the carburizing time increases the depth of the permeation layer. However, the depth of the permeation layer at the corner point of the block sample is greater than that of other locations. This is not the case with a cylindrical sample. The above-mentioned results could be explained because, at the angular positions of the block sample, the permeable and diffusion process is more easily. This effect is known as the “spike effect” in the carburizing process.

Studying the variation of carbon content after permeating each determined time, it can be known the diffusion path of carbon and its content at all positions in the model. Fig. 9 shows the distribution of carbon content at different times and different positions from the surface to the core. It can be seen that, after 3 hours of permeability, the carbon has diffused deeply into the block sample about 2 mm from the absorbent surface. However, the depth of the permeate layer with carbon concentration greater than 0.5% is only 0.5 mm. In the rest of the core, the carbon content remains unchanged (0.184%).

Fig. 10 shows the change of carbon content from the surface of the cylinder sample after 3 hours (with the same permeability as the block sample mentioned above). It can be seen that the diffusion depth and carbon concentration distribution of these two samples are the same. That is, the diffusion depth and carbon concentration distribution in the absorbent sample do not depend on the size of the absorbent sample but they only depend on the carburizing technology parameters. From the results of determining the distribution of the permeability layer, it shows that the carbon distribution of the permeable layer in both samples is similar and similar to the calculation results determined above. When determining the carbon concentration of the seepage in both samples, we can see that the depth of the seepage at the same period is similar.

3.2 Simulating the Quenching Process after Carburizing

The purpose of carbon permeability is to enrich the surface layer of the machine part carbon to improve their mechanical properties and increase their service life. However, after permeability, a subsequent heat treatment is usually required such as low quenching to improve the mechanical properties of samples. The post-permeation low-alloy steel quenching environment is usually hot oil at temperature of 60–80∘C, the simulation problem is thus also conducted with the same parameters as in reality. Because the number of simulation results of the quenching process is very large. Therefore, in this section, the author only presents the calculated results for the block sample.

3.2.1 Quenching Temperature

The simulation results in Fig. 11 show the surface temperature change of the quenched sample in hot oil (at node 3188). Based on the graph, we can see that the cooling rate in the first stage is quite large. After only about 10 seconds, the surface layer temperature has decreased from 860∘C to about 400∘C. After about 250 seconds, the surface temperature of the sample (button 3188) is the same as that of quenching environment (80∘C). Simulation results of the cooling process determine the period to cool steel from the permeation temperature to the oil temperature. This determination is important in determining the length of time for a complete transformation in the quenching process. For the carburizing process, the determination of the cooling time is important to determine the time to form the phase transformation of steel.

[image: images]

Figure 11: Change of sample surface temperature when quenched in oil (bulk sample)

3.2.2 Distribution of Structure when Tempering

The rate of quenching is of great importance in phase transition in metals. It determines the microstructure, particle size, residual stress, and thereby it affects the properties and workability of parts after tempering. Phase 1 is the initial microstructure before the calculation, Phase 2 is the bainite microstructure (B), Phase 3 is the martensite microstructure (M), Phase 4 is the ferrite/pearlite (F/P) mixed microstructure, Phase 5 is the microstructure after tempering, and Phase 6 is the residual austenitic microstructure (A).

Along with martensite, a banite-typed microstructure also appears when the sample is rapidly cooled. However, in this case (Fig. 12), the bainite is hardly presented because they only appear inside the core—where the cooling rate is not great. Indeed, the largest bainite content is only 0.3995%. Therefore, it can be seen that, in this case, after carburizing and quenching in hot oil (80∘C) and tempering of 20CrMo steel, the bainite microstructure has insignificant content and exists only in the core. The results of the analysis on the surface layer after permeability do not show the formation of bainite structure on the sample surface. This result is consistent with the carbon content presenting on the sample surface after permeability.

[image: images]

Figure 12: Bainite microstructure distribution (Phase 2) after tempering

Martensite is the structure that always appears on the surface’s sample during quenching and tempering steel. Fig. 13 shows the distribution of martensite structure after carburizing, quenching in hot oil and tempering of 20CrMo steel. In this case, the martensite is formed at the surface layer and reaches the maximum value of 91.7%. In the surface layer, the martensite content is much larger than that in the core (only about 61% in the core). The analytical data of the proportion of martensites formed on the surface layer show that a certain amount of martensite is formed on the surface layer after permeability. These results are consistent with the carbon content on the surface layer calculated above.

[image: images]

Figure 13: Martensite microstructure distribution (Phase 3) after tempering

Fig. 14 shows the distribution of ferrite/pearlite mixture after carburizing and tempering of 20CrMo steel in hot oil. It could be seen that the ferrite/pearlite content in the surface layer is very small (3.48%) and this fraction in the core is very large. The large distribution of ferrite/pearlite in the core could be because the quenching temperature is 860∘C lower than that of Ac3 for 20CrMo steel and the cooling rate is not very large. The simulation results in Fig. 14 also show that the largest concentration of ferrite/pearlite mixture is 38.17% (at the core of the sample). The simulation results of the formation of the pearlite structure show that this is completely consistent with the carbon content present in the core and on the surface layer of the sample. With a low carbon content in the core, the pearlite and ferrite phases account for a large proportion in the core after tempering. However, on the surface layer with large carbon content, these phases do not appear.
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Figure 14: Ferrite/pearlite fusion (Phase 4) distribution after tempering

The produced products are not only mainly martensite but also residual austenite. Fig. 15 shows the distribution of residual austenite in a mass sample from 20CrMo steel after carburizing, quenching in hot oil (80∘C) and tempering. The simulation results show that the largest residual austenite content after quenching is 23.591% and most of this residual austenite is distributed in the surface layer of the model. At the corners of the model, the residual austenite content is the largest. This can be explained that in the surface layer of the model, the post-permeation carbon content is much higher (≥0.8%) than that in the core (0.184%) and the surface layer has a much greater cooling rate, compared with the rate of cooling inside the core. The results of the distribution of residual austenite above the surface layer show that the excess austenite concentrates mainly on the surface layer (this result is completely consistent with the theory of heat treatment after permeation). However, with the cubic sample, it is found that the excess austenite concentrates mainly on the corners of the mass sample.

[image: images]

Figure 15: Distribution of residual austenite (phase 6) after tempering

Simulations by SYSWELD show the progression of phase transformation at any position in the research model. Fig. 16 depicts the phase transition process at node 3188 on the boundary of the model during the quenching process. It could be seen that the following product on the model boundary, in which, in this case, it consists of only two residual martensites and austenite (the ferrite/pearlite composite content in the surface layer is extremely small with the blue line lying close to the horizontal axis). The simulation results also show that after immersing the sample in hot oil for about 18 seconds, the transition from austenite to martensite begins. The transformation speed in the next phase (from 20 seconds to about 70 seconds) is quite large, after which the phase transformation speed decreases. After about 150 seconds from my start, the microstructure is almost stable (no longer phase transitions).

[image: images]

Figure 16: Diagram of phase transition at node 3188 (at the surface) of block sample when quenching

Fig. 17 depicts the phase transformation process when quenching at node 3128 (in the core) of the model during the 20CrMo steel hardening process after the carburizing process. The simulation results show that, after quenching, the phase transformation in the core of the model (Fig. 17) is much different from that in the surface layer (Fig. 16). In this case, the core of the model consists of only two bodies, martensite and ferrite/pearlite, without residual austenite. It is explained that the selected temperature (860∘C) is the quenching temperature of the core and the surface layer of the part. When heated to 860∘C, the inner microstructure of the core will include austenite and ferrite (20CrMo steel), on the other hand, the cooling rate in the core when quenching is much smaller than the surface layer, so the product after quenching in the core still contains a lot of ferrite/pearlite (38.17%).

[image: images]

Figure 17: Diagram of phase transformation at node 3128 (at the core) of the block sample when quenching

4  Conclusion

By calculating techniques and simulating the carburizing process, the article has identified the depth of the 20CrMo steel layer of 0.5 mm after absorbing for 03 hours. Next, the composition of phases at different positions in the permeable steel was also determined. On the surface of the steel after carburizing, the main microstructure was the martensite with a content percentage of up to 91.7%. The external measurement level was much higher than that of the core (around 61%). Finally, the distribution of ferrite/pearlite content in the surface layer was 3.48%, which was also much smaller than that in the core (around 38.17%). Using the simulation technique, the residual austenite content after quenching was measured at 23.591% and most of this residual austenite was concentrated on the surface of steel after carburizing. However, this work has not determined the stress distribution as the simulation has only been used to analyze the carbon permeability process. These processes need to continue being studied to characterize the distribution of elements in the carburizing process as well as to determine the structural characteristics of the formed permeability layer.
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