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Abstract: Currently, the 65Mn steel is quenched mainly by oil media. Even though the lower cooling rate of oil compared to water reduces the hardness of steel post quenching, the deforming and cracking of parts are often minimized. On the other hand, the oil media also has the disadvantage of being flammable, creating smoke that adversely affects the media. The poly alkylene glycol (PAG) polymer quenchant is commonly used for quenching a variety of steels based on its advantages such as non-flammability and flexible cooling rate subjected to varying concentration and stirring speed. This article examines the effect of PAG polymer quenching solution (with concentrations of 10% and 20%) on deformation, hardness, and microstructure of C-ring samples made of 65Mn steel. Furthermore, the performance of PAG polymer quenchant is also compared with those of two common quenching solutions: Water and oil. When cooling in water, the C-ring samples had the largest deformation and 2 times higher than the results obtained when a 10% PAG solution was used. In particular, similar levels of deformation on the C-ring samples were observed in both cases of 20% PAG solution and oil as the primary quenching media. Furthermore, the hardness level measured between the sampled parts quenched in the 20% PAG solution appeared to be more uniform than that obtained from the oil-quenched sample. The study of the microscopic structure of steel by optical microscopy combined with X-ray diffraction showed that the water hardened sample exhibited cracks and comprised of two phases, martensite and retained austenite. According to the results of Electron Back Scattering Diffraction (EBSD) analysis and backscattering electronic image (BSE), the content of austenite residue in the sample when the sample was cooled in PAG 10 and 20% solution was 3.21% and 4.73%, respectively and smaller than the measurements obtained from oil quenching solution. Thus, the 65Mn steel is cooled in 20% PAG solution for high hardness and more evenly distributed than when it is quenched in oil while still ensuring a small level of deformation. Therefore, the PAG 20% solution can completely replace oil as the main media used to quench the 65Mn steel.
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1  Introduction

In the quenching process, steel is heated to certain temperatures, at which it is kept for a determined period, and then it is cooled quickly. his process is suitable for the austenite to transform to martensite or other unstable structure with high hardness and strength [1]. The quality of the quenched product depends on many factors such as heating temperature, holding time, and cooling speed. Among these, the cooling rate which is determined by the quenching media is the most important factor (often called the quenchant) [2]. The cooling media should have a cooling rate equal to or greater than the critical cooling rate so that when cooling steel does not switch to a low hardness microstructure such as ferrite, perlite, or bainite [3]. On the other hand, the quenching media must have a small cooling rate that does not cause stress that can lead to part deformation or fracture, especially in the martensite transformation zone. Currently, there is a very diverse and rich selection of quenchant, including some liquid quenching media such as water, oil, polymer solution, and saltwater. In the gas-quenching environment, helium, hydrogen, argon, and nitrogen can be used to quench parts in a vacuum furnace. Some of these quenchants, however, could cause negative consequences to the environment [4–7]. With the quenching process, the mechanism of heat transfer was confirmed to be the same as when the metal was quenched in the water, oil, polymer solution (Fig. 1), including 3 stages: The vapor film phase (boiling stage), the bubble boiling stage and the convection (liquid cooling phase) [8–10].
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Figure 1: Cooling mechanism [9]

It could be seen from Fig. 1 that the boiling stage is the first one of cooling, marked from point E to point D. When the component is cooled in the quenching solution, the coolant will soak the metal surface. Because the temperature of the part is very high, immediately the liquid layer in contact with the surface of the component evaporates, forming a vapor film surrounding the part called a blanket. The formation of the vapor film surrounding the detail is characterized by the Leidenfrost phenomenon [11]. Because the vapor has a very small coefficient of thermal conductivity, the vapor film acts as an insulation layer, heat transfer process by radiation through the vapor film. Therefore, during this period the cooling process occurs at a slow cooling rate. For the polymer cooling solution, this stage is supplemented with the formation of a polymer-rich film, which wraps around the vapor blanket and makes the film slightly more stable than when the metal was quenched in water. This vapor film grows and is maintained when the heat source from the inside of a part surface of the part exceeds the total amount of heat needed to evaporate the slurry and maintain the vapor phase. The temperature at which the vapor film begins to be maintained is called the liquid characteristic temperature, or the Leidenfrost temperature [9]. The Leidenfrost temperature of a liquid does not depend on the quenching temperature of the part but depends on many factors and one of these factors has not been determined up to the present time [12]. Occasionally, the vapor film may be broken and maybe re-formed in certain areas of the part surface (Fig. 2) [13,14]. It is the main reason that leads to an unstable vapor film and transition to the bubble boiling stage. The heterogeneity of the heat transfer mechanism at the surface of the part during the boiling process leads to a high risk of deformation during tempering. The retention time of steam film depends on many factors: such as weight and shape of the part, physical properties of tempering media, temperature, and stirring speed.
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Figure 2: Heat transition having phases of wetting during film boiling [13,14]

When the temperature of the component drops below the Leidenfrost temperature of the liquid, the vapor film begins to break and the cooling solution wipes the surface of the hardened object (phase D–A), then the bubble boiling period begins. The cooling rate increases rapidly and reaches its maximum at point C. During this period, the heat exchange capacity is greatest due to the formation and separation of hundreds of small bubbles from the surface of the quenched material per second [13]. The duration of the bubble boiling period is directly proportional to the square of the thickness of the hardening metal and inversely proportional to the heat diffusion of matter. It depends on the shape of the slurry, the stirring speed, the kinematic viscosity, the initial temperature, and the thermal properties of the slurry. When the bubble boiling stage ends, the surface temperature of the part continues to fall below the boiling point of the liquid. The cooling rate of this stage is the smallest of the three stages and depends mainly on the stirring speed, the viscosity of the quenching solution [14]. The higher the viscosity of the solution, the smaller the stirring speed, the worse the convective heat transfer, so the smaller the cooling rate in the part. Because, at this stage, the austenitic phase transforms martensite, the cooling rate in this stage is as low as possible to minimize deformation and cracking of details. The complexity of quenching cooling in liquids can be described in Fig. 3 [15]. The three mechanisms of the cooling process (bubbling, bubble boiling, and convection) can occur simultaneously on the surface of a part. This shows a huge difference in the heat transfer coefficient, as well as the temperature field on different parts of the quenching material. It is this difference that leads to residual stress and deformation on the part after tempering.
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Figure 3: Heat transfer coefficient, temperature fields, and gradients at a cylinder when all three heat transfer mechanisms are present simultaneously [15]

Facing this situation, the polymer quenchants has been studied to apply to serve as the quenching medium for many types of steel. Among them, the Poly Alkylene Glycol (PAG) quenchant (an aqueous solution of a water-soluble of PAG has some advantages such as friendly, non-flammable, it was thus considered to use more [16]. The cooling process in PAG polymer quenching solution also consists of 3 stages: Vapor film, bubble boiling, and convection [17]. When steel is quenched in PAG solution, the formation of uniform polymer film evenly surrounds the details that reduce the gradient of temperature from the machine part to the quenchant, thus reducing the deformation of the details [18,19]. Besides, providing substantially greater safety concerning fire and disposal, polymer quenchants have been shown to provide more uniform heat transfer during quenching resulting in reduced thermal gradients and reduced distortion. The PAG quenching solution has also been researched for aluminum alloy plates 2024-T851, 7075-T73 [20–22]. The results showed that deformation and stress on aluminum alloy plate samples, when quenched in PAG solution, are smaller than when quenching in water. In addition to the above studies, the PAG quenching solution is also studied on steel for its resistance to deformation, while still ensuring the working requirements. According to document [23], a forging mold made of H13 steel (according to US standards) is also quenched in 23.5% PAG solution, the result shows that the hardness of steel when quenched in this PAG solution is 55–56 HRC higher than when quenched in oil with the hardness is 53–55 HRC, and the deformation on quenched samples in this polymer solution is smaller than when quenched in oil. The 65Mn steel is widely used in the manufacture of heavy machine parts, cutting blades and spring parts, etc. These parts usually work in relatively harsh conditions subjected to wear and brittle destruction [24]. To achieve high mechanical requirements, the 65Mn steel needs to undergo hardening processes such as quenching, in which the quenchant is the most important factor [25]. For a long time, the oil quenchant has been widely used to quench alloy steel in general and 65Mn steel in particular [26,27]. Li et al. [28] studied the results when the 65Mn steel was quenched in the oil media at different temperatures. The results showed that, in the range of [image: images]C, the strength and hardness of 65Mn steel increased firstly, reached the maximum at 790[image: images]C, and then decrease with increasing quenching. In the temperature range, the hardness and the tensile strength of 830[image: images]C and 790[image: images]C twice quenched have the maximum values, and also appear to be better than that of samples 830[image: images]C once quenched. The studying about wear resistance for 65Mn steel was also conducted by Du et al. [29]. The result showed that the optimum heat treatment parameter for maximum anti-wear ability is obtained as follows: 852.64[image: images]C for quenching temperature, 18.36 min for quenching time, and 145.44[image: images]C for tempering temperature, respectively. The oil-quenchant has a slow cooling rate, which reduces residual stress and deformation on machine parts after quenching, but the hardness and depth of the quenched layer do not meet the requirements to improve durability and lifetime of the machine parts. On the other hand, the oil-quenchant produces smoke and flame during quenching, it is dangerous and toxic to the media and people [30]. Therefore, the research of 65Mn steel quenching in a new quenching environment—different from oil is very important and urgent at present. This quenching environment needs to ensure the appropriate cooling rate for austenite to martensite conversion to occur, while reducing stress and deformation on the hardening part, and minimizing the risk of ignition and emissions of toxic fumes. Therefore, the research of 65Mn steel quenching in a new quenching media—different from oil is very important and urgent at present. From the above points, this study performs experiments involving the 65Mn steel in PAG polymer quenching solution with concentrations of 10% and 20% and then compared with quenching in the traditional quenchants such as oil and water. Based on the results of hardness, distortion, and microstructure, a suitable quenching medium will be selected for 65Mn steel to replace the oil-quenchant.

2  Materials and Method

This study uses a C-ring sample made of 65Mn steel with the shape and size as described in Fig. 4. The C-ring sample is considered as a “standard sample” for studying of quenching process because the C-ring has different thicknesses, sharp corners, and gap opening, so with one sample, many factors can be studied in the quenching process such as heat transfer, phase transformation, hardness, stress, and deformation [31,32].

[image: images]

Figure 4: Shape and size of the C-ring sample

The C-ring samples with the same size, shape, and material are heated and kept at the same temperature and time but cooled at different rates corresponding to the quenchants are PAG 10%, PAG 20%, oil, and water. The cooling rates of PAG with a concentration of 10% and 20% are between water and oil. The quenching procedure of the C-ring sample is shown in Fig. 5. For the simultaneous study of deformation, hardness, and microstructure, C-ring samples are carried out according to the following procedure:

+ Step 1: Grinding and polishing the samples before quenching

+ Step 2: Measure the gap width (n) of the C-ring samples before heat treatment (Fig. 6) by coordinate measuring machine—model Profile projector has images and parameters like Tab. 1.

+ Step 3: The samples were heated in the N11/H furnace and quenched following the procedure in Fig. 5.

+ Step 4: Preliminary cleaning and measuring the gap width (n′) of the samples after quenching (Fig. 6, also by the Profile projector machine). The changing of the gap opening of the C-ring is determined by the following expression: [image: images]. Besides, the deformation of the C-ring samples is determined by the following formula: %[image: images].

+ Step 5: The samples, after measuring the gap opening, are taken to cut by the wire electrical discharge machine and then polished to examine on the microscope Axiovert 100A (Carl Zeiss) and the samples were analyzed by XRD Smartlab Rigaku and EBSD of FE-SEM JEOL-7001FA.

[image: images]

Figure 5: Quenching procedure of C-ring

[image: images]

Figure 6: C-ring specimen before heat treatment (n dimensions) and after quenching (n′ dimensions)

Table 1: Main specifications of the sample sizing equipment

[image: images]

3  Results and Discussion

3.1 Distortion of the 65Mn Steel Samples when Quenched

Measure the gap opening of the C-ring before (n) and after (n’) quenching as described in Fig. 6 by using the coordinate measuring machine Profile projector with an accuracy of 0.001 mm, we get the results shown in Tab. 2. In which, the nominal size of the gap is [image: images] mm, but due to errors when making samples by the wire discharge cutting machine, the actual size of the different samples has different values. The results of measuring the gap openings of C-ring samples when quenched in different quenching media in Tab. 2 show that: After quenched in the quenchants, the gap of the C-ring samples always widened, as indicated by the value n’ measured after quenching is always greater than the value of n before quenching.

Table 2: Distortion of C-ring samples when quenched in different quenching media

[image: images]

The deformation degree (% [image: images]n) of C-ring samples is determined by the formula and recorded in column 5 of Tab. 2, showing that: when the C-ring sample was quenched in water with a very high cooling rate, it was most deformed (approximately 3.6%), about 2 times larger than the quenched sample in PAG 10% solution (1,202%) and 4.4 times larger than the quenched sample in PAG 20% solution (0.817%). Thus, when dissolving the PAG polymer into the water to form a PAG polymer quenching solution, the deformation of C-ring samples is significantly reduced, the reason is that when dissolving PAG polymers in water, the viscosity of the solution will be increased that lead to a reduced the heat transfer capacity. On the other hand, when quenched in polymer quenchants there is always a polymer film surround the quenched parts-this film reduces the temperature gradient from the component to the medium, causing the cooling rate was decreased and evenly across the whole details. When increasing the concentration of PAG polymer in a solution from 10% to 20%, the cooling rate of the polymer solution was decreased and the deformation degree of the C-ring sample also decreased by approximately 1.47 times (from 1,202% to 0.817%). When the sample is quenched in oil, the deformation degree on the sample is the smallest, about 0.8%. That means the greater the cooling rate of the solution, the greater the deformation of the quenched sample. The measured results also showed that the deformation of the C-ring sample when quenched in PAG 20% polymer solution, is approximately the same as when quenched in oil quenchant. In other words, a PAG 20% polymer quenching solution gives a low deformation equivalent to the oil quenching medium.

3.2 Microstructure of the 65Mn Steel Samples When Quenched

The C-ring models of 65Mn steel with a thickness of 20 mm after quenching in different quenchants are subjected to deformation measurement, then cut into two halves through cross-section by the wire discharge cutting machine to switch to study the microstructure and hardness. Half of the sample after being cross-sectional continues to be chopped for sampling for metallographic analysis. The location of sampling is the B zone-the thickest and lowest cooling point of the C-ring sample (Fig. 7). To evaluate the results uniformly, the author used the method of wire cutting to take samples in region B with the same size of [image: images] (mm). To study the microstructure of steel after quenching in different media, the author used an optical microscope with a magnification of 1000 times and X-ray diffraction analysis. In the distribution of the phases in my sample, the author uses the Backscatter electrons image (BEI) method in combination with the image analysis software (Image pro plus) and Electron Backscatter Diffraction images (EBSD). Samples after being uniformly cut to the size [image: images] mm will be numbered and then honed, polished, and etched in 4% HNO3 solution in alcohol for 15 s. The sample is then washed with water and dried before being taken to an optical microscope to take the microstructure. With the different quenching media, the results of the microstructure of samples are shown in Fig. 8.

[image: images]

Figure 7: Sampling location for microstructure analysis

[image: images]

Figure 8: Microstructure of 65Mn steel after quenching in oil (a); in PAG 10% (b); and in PAG 20% (c)

From the results of optical microscopy we see, when samples were quenched in media of water, oil, 10% and 20% PAG on microorganism photos, it exists 2 phases retained austenite and dark martensite plates. However, the quenching media has a large cooling rate, so 65Mn steel after quenching had some cracked positions as shown in Fig. 9. The structure of the 65Mn steel after quenching includes martensite, manganese carbide, and residual austenite, but by optical microscopy, it can only distinguish martensite and residual austenite. To see clearly, manganese carbide is conducted by SEM images with a magnification of 10,000 times. However, SEM images of 65Mn steel when quenched in oil media, PAG 10 and 20% respectively in Fig. 10 did not observe manganese carbide. The results of the X-ray diffraction diagram of 65Mn steel samples tempered in 20% PAG and oil as shown in Fig. 11.

[image: images]

Figure 9: Microstructure of 65Mn steel after quenching in water

[image: images]

Figure 10: SEM of 65Mn steel after quenching; (a)—in PAG 10%; (b)—in PAG 20%; (c)—in oil

[image: images]

Figure 11: XRD of 65Mn steel after quenching in: (a) PAG 20%, và (b) oil

Fig. 11a is a diagram of X-ray diffraction of samples which cooled in 20% PAG solution. This result showed that a diffraction peak appeared of austenite and martensite phases. Thus, when the 65Mn steel sample is cooled in 20% PAG solution, in the microstructure, there exist two phases of martensite and retained austenite. Fig. 11b shows a diffraction diagram of a 65Mn steel sample when quenched in oil. The results obtained were similar to the sample cooled in 20% PAG quenching solution-the steel microstructure also includes two phases, martensite and retained austenite. Also on the diffraction pattern, there is no peak of manganese carbide, caused by very little manganese carbide, and very small size. Thus, the results of X-ray diffraction are completely similar to the results of the microscopic microstructure of the sample received in Figs. 8 and 10. To clarify the differences in microstructure between the samples quenched in oil, in PAG 10 and 20% solution, the author presents the composition results of the martensite and retained austenite phases.

Residual of austenite plays a crucial role in determining the hardness, toughness, and strength of martensitic steel alloys. The quenching of these alloys forms a hard martensite phase, but incomplete transformation can result in a retained austenite phase. Measurements of the amount of retained austenite is a crucial step for optimizing the processing conditions of martensitic steel alloys in order to achieve the desired mechanical properties. In this paper, to assess the proportion of residual austenite and martensite phases, we conducted an analytical analysis by EBSD (Electron Back Scattering Diffraction) technique. EBSD measurements were made on the FE-SEM JEOL-7001FA equipped with EDAD-TSL EBSD systems. The voltage used is 15 kV, the scanning step is 50 nm with two assumed phases: gamma iron (austenite) and alpha iron (martensite). Fig. 12 showed Inverse Pole Figure (IPF) map (a), GrayScale map (b), and phase map (c) obtained by EBSD analysis of 65Mn steel after quenching in PAG 20%. The results showed that there were only 2 phases in the sample: residual austenite (green) and martensite (red).

[image: images]

Figure 12: IPF map (a), GrayScale map (b), and phase map (c) obtained by EBSD analysis of 65Mn steel after quenching in PAG 20%

The results in Fig. 12a show the crystal orientation of martensite plates. In the same initial austenite grain, the color between the plates does not change much, in other words, the orientation of the martensite plates in the same initial austenite grain is similar. Comparing the results obtained in Figs. 12a and 12b, we see that the residual austenite phase exists between the martensite plates and has a much smaller size than the martensite plates. Figs. 12b and 12c results show that when quenched samples in 20% PAG, retain austenite content is approximately 2.3% and martensite phase content is approximately 98%. According to the EBSD analysis, theory to determine the excess austenitic content, when the residual austenite content is less than 10%, the accuracy of the analysis results will decrease. Continue to determine the residual austenite content by analyzing the backscattering electronic image (BSE) of 65Mn steel when quenching in oil, PAG 10 and 20% on Image-Pro plus software, we get the corresponding results in Fig. 13, the martensite phase is dark and retain austenite phase is light. On each sample, the results of retained austenite and martensite content in 3 BSE images were analyzed. The concentration of the retained austenite phase and martensite in region B on C-shaped samples when cooling in oil and 10 and 20% PAG solution is summarized Fig. 14. The sample quenched in 20% PAG solution measured by the EBSD method is about 2.73% smaller than the result measured through the BSE image. At the same time, we see that the sample is hardened in the media with a small cooling rate, the amount of retained austenite phase tends to increase.

[image: images]

Figure 13: Backscattered electron microscope (BSE) image and content of phase in 65Mn steel after quenching process; (a)—in PAG 10%; (b)—in PAG 20%; (c)—in oil

[image: images]

Figure 14: Content of retaining the austenite phase in 65Mn steel when quenching in a different media

3.3 Hardness of the 65Mn Steel Samples When Quenched in Some Quenchants

C-ring samples, after cooling in the quenching media of oil, water, PAG 10, and 20%, were taken to measure hardness in two areas A and B as shown in Fig. 15a. At each area, A and B on the sample Hardness is measured at 5 different locations and the hardness value received is the average of the five measurement points shown in Fig. 15b.

[image: images]

Figure 15: (a)—Vickers indentation and zone of C-ring sample and (b)—Hardness of C-ring sample in different quenching solution

From the results, the smaller the coolant in the quenching media, the lower the hardness gets. On the other hand, when the sample was cooled in a quenchant with a large cooling rate, the difference in hardness between regions A and B was smaller than the sample which was quenched with a small cooling rate. Specifically, when the sample was cooled in water and water solutions, the hardness difference between the 2 regions A and B is about 8 HV, but when using in the 10% PAG solution, the oil and 20% PAG, the difference in hardness between the regions A, B receive 8 respectively; 12 and 30 HV. Thus, when the sample was cooled in a solution with a greater cooling rate, the difference in hardness between regions A and B is smaller. In particular, in the 20% PAG solution, the sample deformation is similar to that when using the oil media, but the mechanical properties of the details are more even than when cooling in the oil.

4  Conclusions

The research results show that the C-ring sample made from 65Mn steel cannot be cooled in water because of great deformation and cracking of the part. Deformation on C-ring samples decreased by 1.47 times when the concentration of PAG polymers in solution increased from 10% to 20%. The C-ring sample tempered in 20% PAG solution has small deformation and close approximation to that observed in the sample when quenched in oil. The bigger the cooling rate in the solution is, the smaller the difference in hardness between the two regions A and B on the C-ring sample becomes. In particular, in a 20% PAG solution hardened on the whole parts more evenly than when quenched in oil. Specifically, when the sample was quenched in 20% PAG and oil, on the C-ring sample the difference in hardness between the thin area (A) and the thickest area (B) is 12 and 30 HV respectively. The retained austenite content measured by the BSE image analysis method based on Image-pro plus software shows that the smaller the sample in the cooler is, the higher austenite content in the structure of the steel is observed. Specifically, the residual austenite content when quenching in oil, PAG 20, and 10% solution are 5.1%, 4.73%, and 3.21%, respectively. Thus, when quenching in 20% PAG and oil, the residual austenite content in the sample shows very little difference (approximately 0.37%). Thus 20% PAG solution can replace the oil media to quench 65Mn steel. The paper indicated the potential results of using 10 and 20% PAG solution to temper 65Mn steel. The results of the paper are the basis for further research using PAG polymer solution, as well as other polymers with appropriate concentrations for quenching for some other alloy steels.
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