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Abstract

The stress and distortion that remains in steel products after quenching are harmful and undesirable. Therefore, a selected 

quenching medium should have a cooling rate equal to or greater than the critical cooling rate of the steel to achieve high 

hardness values, but the cooling rate should not be too large in order to minimize stress and distortion on the specimen. 

This paper studied the hardness, stress, and distortion of C-ring samples quenched in 4% polyvinylpyrrolidone (PVP) – 

K60 solution and oil using simulated and experimental measurements. The results show that the maximum cooling rates 

(CRmax) of oil and 4% PVP-K60 quenchants are both higher than the critical cooling rate of steel. The CRmax of the 4% 

PVP-K60 solution is greater than that of the oil, and the cooling rate of the 4% PVP-K60 solution at 300 °C (CR300) is 

smaller than that of the oil. The greater the CR300 is, the greater the hardness, stress, and distortion are. Thus, the hardness, 

stress, and distortion values of the quenched sample depend less on CRmax and more on CR300. The research results also 

showed that a solution of 4% PVP-K60 could replace oil in the quenching of 100Cr6 steel. Simulated and experimental 

results of the hardness, stress, and distortion of C-ring samples reflected the same rule. The errors between the simulation 

and experiment using the program and the computational conditions of distortion are approximately 20%. The numerical 

simulation method is entirely usable to predict the hardness, stress, and distortion of a sample during the quenching process.

KEY WORDS: PVP, quenching, 100Cr6, stress, distortion

1. Introduction

Most types of steel, including carbon, low-alloy and tool steels, are quenched to produce controlled amounts of 

martensite in their microstructures. Successful hardening usually means achieving the required microstructure, hardness, 

strength, or toughness while minimizing the residual stress, distortion, and possibility of cracking (Ref 1).

During the steel quenching process, complex thermal behaviors produce significant thermal residual stresses, leading to 

cracking and distortion. In many other cases, high residual stress is the main cause of reductions in the the functional 

abilities and lifetimes of steel parts even in the absence of cracks (Ref 2-4). Therefore, the determination of the internal 

stress in steel parts is a critical and necessary task. The known residual stress value is a useful factor for optimizing the 

parameters of the fabrication process and heat treatment in both science and practice.

Considering the phase transformation during the quenching of metal, the stress of steel parts is formed due to two 

primary reasons: "thermal stress" (the difference in the temperature between the surface and bulk of steel parts after 
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quenching) and "phase stress" (the change in the volume of the lattice due to the phase transformation). In steel, the specific 

volume of martensite (body-centered tetragonal) is higher than that of austenite (face-centered cubic). Therefore, the 

austenite-to-martensite transformation causes an increase in the lattice volume, which contributes significantly to the 

distortion and residual stresses in quenched steel parts.

If choosing the proper quenchant, the minimization of the distortion and residual stresses in steel parts can be achieved 

while still ensuring the mechanical requirements (Ref 5). Oil quenchants have been the most frequently used in the heat 

treatment industry, particularly for crack-sensitive steel parts. Oil, however, has several substantial disadvantages: relatively 

limited variabilities in quench rates, fire hazards, and smoke emissions (Ref 6). The cooling power of polymers that are 

used as quenching fluids has been studied by varying experimental parameters such as polymer concentration, the 

molecular weight of the polymer, bath temperature, and agitation (Ref 7-8). Thus, aqueous polymer quenchants have been 

developed to replace oil solutions in some applications and fill the gap between the cooling rates of water and oils (Ref 6-

8). Polymer quenchants are economical, nonflammable, easy to clean, and have a wide range of cooling rates (Ref 8).

PVP solution has been studied as a quenchant since 1975 and has high solubility in water, and it is evaluated as a more 

stable quenchant than oil (Ref 9). There are five common types of PVP on the market (PVP K-15, PVP K-30, PVP K-60, 

PVP K-90, and PVP K-120) with a molecular weight range of 2500-3000000 g/mol.

Polyvinylpyrrolidone (PVP) is a biodegradable, water-soluble polymer. To promote the decomposition of PVP, some 

enzymes, such as gamma-lactamase and amidase, are used to degrade PVP molecules or to absorb activated sludge. 

Therefore, PVP quenchant solution is safe and friendly with regard to the environment (Ref 10). Eduardo Vieiraat et al. 

(Ref 11) researched the microstructural characteristics and properties of AISI 1045 steel quenched in solutions of 

polyvinylpyrrolidone (PVP) with concentrations of 10, 15, 20, and 25%. Microstructural characterization quantified the 

percentages of the crystalline phases generated by each of the concentrations of the PVP quenching solutions, 

demonstrating a reduction in martensite at high concentrations (Ref 10). The stress and distortion of the samples was not 

considered. A Zainulabdeen et al. (Ref 12) studied the effect of PVP quenching media on mechanical CK45 steel. The 

results show that 20% PVP at 40 °C can be used instead of water in the quenching and tempering treatment for medium 

carbon steel samples, thereby reducing the overall cost of the heat treatment process of medium carbon steel (Ref 12).

To select a proper PVP quenchant to replace an oil quenchant for a specific steel, it is necessary to evaluate the 

distortion and residual stresses in the parts after quenching using standard C-ring samples. The experimental evaluation of 

distortion and residual stresses is time-consuming and difficult, especially when many variations of the PVP quenchants 
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should be considered. To overcome the disadvantages of this experimental method, a simulation method of metal heat 

treatment is currently a promising approach.

Some authors have studied the simulation of heat treatment, but simulations of fully mechanical, physical and 

metallurgical behavior are scarce because of the limitations of the simulation software and computer capacities. Hernandez-

Morales et al. (Ref 13) applied an uncoupled thermoelastoplastic model to predict the internal stress field and distortion of 

AISI 304 stainless steel C-rings upon quenching. DEFORM-HT (commercial software) was used for the calculations, 

which did not consider any phase transformations. The simulations showed that distortion occurs initially due to the thermal 

contraction of the probe tip followed by the thermal contraction of the medium portion of the probe arm. Nailu Chen et al. 

(Ref 14) simulated the quenching process of 42CrMo steel connecting rods in oil and aqueous polyalkylene-glycol (PAG) 

solutions using the commercial finite element software MSC Marc. According to the calculated immersion time, the as-

forged connecting rods were quenched in 14% aqueous PAG solution, and the resultant mechanical properties were higher 

than the requirements. Meanwhile, cracking was prevented completely. These results indicate that the calculated results 

conformed to the experimental results. However, the calculation and evaluation of the residual stress and distortion on 

samples cooled in oil and PAG solution were not performed.

The current state of simulations of the heat treatment process requires improving the simulation consistency and 

reducing the gap between simulation and experimental measurements. In this study, the software SYSWELD from ESI 

Groups was used, which can fully consider the mechanical, physical, thermal and metallurgical behaviors in the simulation 

of the quenching process to evaluate the residual stress and distortion of the C-ring shaped model. A new construction of 

the model’s surface was also considered to address the very high heat transfer rate during the quenching process.

This paper focuses on evaluating the residual stress and distortion in C-ring samples of 100Cr6 steel after quenching in 

a 4% PVP-K60 solution by numerical simulation calculations and experiments. 100Cr6 steel is a typical bearing steel that is 

typically quenched in oil (Ref 15, 16), but here, a 4% PVP-K60 quenchant was selected as an environmentally friendly 

replacement for oil. The simulation results conform well to the experimental results, as the discrepancy between the 

simulation and experimental results of the residual stress and distortion are small.

2. Numerical Simulation

2.1. Modeling of the quenching process

A C-ring sample is commonly used to study the distortion of steel parts after heat treatment (Ref 17-19). Because of the 

differences in thickness, angle (acute or obtuse) and gap width, many factors can be studied during quenching, such as heat 
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transfer, phase transformation, hardness, stress, and distortion. In this study, the shape and size of the C-ring sample are 

shown in Fig. 1a.

(Fig. 1)

The cross-section of the C-ring sample is shown in Fig. 1a. A design of a 3D model with a 20 mm height was carried 

out by SolidWorks 2016 software. The requirements of the 3D model are formatted in *.IGS to be compatible with the 

finite element model in the Visual-Mesh module of SYSWELD software.

Free mesh is the most suitable for models that have different shapes and sizes (Ref 20). To divide the free mesh of the 

model’s shell, the authors chose a quadratic triangle element in order to prevent the nonfilling of the model and thus ensure 

calculation accuracy (Ref 21). To overcome the heat transfer problem of a very high-temperature gradient, such as in 

quenching (the difference in temperature between the surface of the model and the inner layer is very large), the material 

close to the high-temperature gradient areas was meshed into thin layers to obtain calculation results with high accuracy 

(finer meshing in the increasing direction of the temperature gradient) (Ref 22). On the other hand, the finite element 

method requires that the nodes at the model’s surface coincide with the adjacent nodes in the inner region. To ensure this, 

the authors chose a triangular prism element to mesh five layers near the shell and a 4-node tetrahedral element to mesh the 

model’s core. If choosing incompatible element types, some nodes on the model's shell will not coincide with nodes in the 

inner region, and the calculation will fail - this is critical to note when calculating by the finite element method.

It is also critical to note for the finite element method that if the model is divided into a finer mesh, the obtained results 

are more precise, but it takes a longer calculation time and more computer memory. Bathe (Ref 23) stated that the accuracy 

of the finite element method increases when the element size is smaller. However, when the size of the elements is 

decreased to a certain extent, then the precision of the computation's accuracy barely increases (or does not increase at all), 

while the computation quantity increases dramatically, resulting in a time-consuming process that utilizes much computer 

memory. To ensure the optimization of computational time and storage and obtain the necessary accurate results, the author 

conducted simulation tests with the same optimized shape and dimensions while varying the size of the element. The 

simulation results show that the model with the longest edge (2 mm) is the best choice because its computation produced 

high accuracy and reduced the usage of computer memory storage and time.

The Visual-Mesh 13.0 module of the SYSWELD software is used to mesh the model with the above chosen elements 

and requirements, and the finite element model is obtained as shown in Fig. 1b. The meshing of the 2 mm long edge on the 
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surface of model by a quadratic triangle element will first build the skin of the model, then the layers that are near the shell 

will be meshed by the "mesh layer" function of the Visual-Mesh module by a triangular prism element (the 0.5 mm thick 

material layer will be divided into 5 layers that increase in thickness from the outside of the shell towards the inside). The 

thickness of the innermost layer is three times higher than that of the outermost layer. Specifically, the thicknesses of the 5 

layers of the shell are 0.05, 0.075, 0.1, 0.125 and 0.15 mm. Finally, the inner core of the model was meshed by a 4-node 

tetrahedral element with the top edge of the element set at 2 mm. The final model has a total of 54019 elements with 18026 

nodes. This meshing method applied in SYSWELD is a new technique (since version 2017) to improve simulation 

accuracy.

2.2. Assignment of the material properties

The FEM model, as shown in Fig. 1b, must have clearly defined material properties. This means that a full set of 

physical material properties must be assigned. In this study, 100Cr6 steel was used, which has the following physical 

properties: thermal conductivity, specific heat, yield strength, and Young’s modulus (Ref 20).

2.3. Calculational conditions for the simulation of the quenching process.

Heat transfer conditions between the model and a quenchant

It can be assumed that heat flow during quenching occurs by two distinct mechanisms:

a) The heat flows through the internal region by a thermal conduction mechanism – this is represented by the thermal 

conductivity coefficient K [W/mmK]

b) The heat flows from the model to the quenchant by a thermal convection mechanism – this is represented by the heat 

transfer coefficient HTC [W/mm2K].

In the numerical simulation, the heat transfer process from the surface or shell of the simulation model to the quenchant 

is characterized by 2D elements that are meshed and assigned before calculation (Fig. 2a). The heat transfer coefficient 

(HTC) of the model’s shell is the boundary condition of the simulation in the quenching process. Therefore, it has to be 

assigned to the model during the establishment of the simulation parameters. To determine the heat transfer coefficient 

(HTC) of the quenching solution in order to provide the input data for the numerical simulation, the authors conducted an 

experiment to measure the cooling curves according to ISO 9950:1995 with a standard sample of Inconel 600. From the 

measured cooling curves, the cooling rate curves of the quenchant were determined, which allowed for the calculation of 
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the heat transfer coefficient of the quenching medium by the HTC calibration function of SYSWELD. The HTC coefficient 

was added to the SYSWELD 2017.0 software for the simulation of specific models.

As a result, the HTC values of the 4% PVP – K60 and oil quenchants are a function of temperature (Fig. 2b). When the 

quenching temperature is high (vapor film stage) or the cooling temperature is close to the quenchant temperature 

(convection stage), the HTC of the quenchant is small, whereas this value is very high in the boiling stage.

(Fig. 2)

Sample clamping conditions during quenching

In addition to the boundary condition of the HTC between the model and quenchant, the clamping method and position 

and the immersion method of the sample in the quenchant are also important boundary conditions that need to be correctly 

assigned when setting the simulation parameters. In this study, the C-ring sample is vertically clamped on two planes and 

embedded in the Y-axis, as shown in Fig. 3a. The clamping method and position influence the stress and distortion of the 

sample during quenching. With a constant quenchant type and sample shape, if the clamping method and position are not 

appropriate, a reduction in the working ability of the sample will be caused by the resulting high distortion and residual 

stress, which can even result in the waste of the sample after quenching.

(Fig. 3)

Quenching parameters

To simulate the quenching process of the finite element model, parameters such as the material properties, heat transfer 

conditions, and sample clamping method will be assigned and set in the SYSWELD 2017.0 software. In addition, other 

parameters are also considered in the calculation shown in Table 1. These parameters are set as the "input parameters" of 

the numerical simulation process. First, the C-ring sample is meshed into the finite element model by the Visual-Mesh 

module, and then the heat transfer of the quenching process is simulated by a Visual-Heat Treatment calculation module 

after setting the input parameters such as the mechanical, thermal and metallic properties of 100Cr6 steel.

(Table 1)

3. Materials and Methods

3.1. Materials and sample preparation
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The material employed for the C-ring specimen was 100Cr6 steel (DIN 17230) with a nominal chemical composition 

(certified by the supplier) of 1.04% C, 0.26% Si, 0.33% Mn, 0.31% Ni, 1.53% Cr, and 0.01% Mo. The imported steel is 

precleaned and stored and then cut into a C-ring pattern with the correct dimensions by wire electric discharged machining, 

as shown by the simulated models in Fig. 1a. After cutting, the sample was degreased, ground with sandpaper (100, 240, 

400, 600, 800, and 1000) and polished with 3 µm Al2O3 powder to eliminate undulations on the surface.

3.2. Quenching process

The C-ring specimen was heated to 850 °C in a Nabertherm N11/H furnace (Germany) and held at this temperature for 

1800 seconds to ensure that the sample was completely austenitic. Then, the sample was quenched in the 4% PVP - K60 

solution and oil with a soaking time of 500 seconds to ensure that the sample was cooled to ambient temperature. In this 

paper, 100Cr6 steel was quenched in a 4% PVP-K60 solution because the measured cooling rate of this quenchant is 

equivalent to oil. In addition, the cooling characteristics also show that the 4% PVP-K60 solution is better than oil - this is 

clearly analyzed in the results section of this paper.

3.3. Hardness measurements after quenching

After quenching in the 4% PVP - K60 solution and oil, the C-ring samples were cut into two equal parts to study their 

hardness. Then, the samples were ground at their cross-sections with sandpaper (100, 240, 400, 600, and 1000) and 

polished by 3 μm Al2O3 powder, and their hardness was measured by a Duramin-2 machine.

3.4. Residual stress measurements

In the early 20th century, X-rays began to be used to determine the stress of crystals. In 1961, Mchearauch proposed the 

sin2ψ method for X-ray stress measurements. Currently, XRD is the most widely used stress measurement method and has 

been applied in various measurement fields. The principle of the stress measurement method is specified in the appendix 

(Ref 21, 24-26).

The authors of this paper used the X-ray diffraction method for measuring the residual stress with a D/MAX RAPID II 

Rigaku. The mechanical properties of the 100Cr6 steel that were necessary to assign before using the device included the 

elastic modulus (E = 200 GPa) and the Poisson coefficient ( = 0.28) (according to ASTM A295 standard). The angle  

between the incident beams and the axis of 3 or 3 was adjusted to be in the range of 0° to 45° [27]. Five diffraction 

images with various  orientations were taken in this study.
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3.5. Distortion measurements

The distortion of the C-rings is usually examined through the changes in the dimensional measurements of the inner 

diameter (ID) and outer diameter (OD), gap width (GW), thickness, flatness, cylindricity and roundness. In this study, the 

dimensions (m, a and n) of the sample are measured by using a coordinate measuring machine. The changes in the ID, OD 

and GW characterize the distortion of the sample (Ref 28-30). The GW was measured at the top, middle, and bottom of the 

sample (Fig. 3b).

For the study of distortion, C-ring samples were prepared according to the following procedure:

+ Step 1: The samples were ground and polished before quenching.

+ Step 2: The dimensions (m, a and n) of the C-ring samples were measured before heat treatment (Fig. 3b) by a Profile 

Projector coordinate measuring machine.

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

+ Step 4: The Profile Projector also provides preliminary cleaning and measures the n', m', a' of the samples after 

quenching (Fig. 3b). The GWs, IDs, and ODs of the samples were calculated according to the following equations:

GW = n' – n.                                                                                        (1)

ID = a' – a.                                                                                           (2)

OD = m' – m.                                                                                        (3)

4. Results and discussion

4.1. Cooling capacity difference of the 4% PVP-K60 and oil quenchants

By analyzing the cooling curve, it is possible to elucidate the cooling capacity of the quenching medium, the tendency 

for vapor film appearance and the cooling rate at lower temperatures during the formation of martensite. The cooling curve 

gives an immediate picture of the characteristics of the quenchant and makes it easy to compare the used quenchant with a 

newly mixed quenchant to identify possible changes in the cooling capacity. Many characteristics can be recorded or 

calculated, such as the maximum cooling rate (CRmax), the temperature at which the maximum cooling rate occurs, the 

cooling rate at 300 °C (CR300) and cooling times under certain temperatures (e.g., 600, 400 and 200 °C) (Ref 9, 31). Two of 

the more common parameters obtained from cooling curves are CRmax and CR300. Usually, it is desirable for CRmax to occur 

at higher temperatures in the ferrite and pearlite transformation region if the maximum hardness is desired because this 
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minimizes ferrite and pearlite formation. The cooling rates in the region where martensite starts to form from austenite, Ms, 

should be minimized to reduce the potential for cracking and distortion (Ref 1). Fig. 4 shows the measured cooling curves 

and cooling rates of the 4% PVP - K60 solution and oil according to ISO 9950.

The results show that the CRmax of the 4% PVP-K60 solution is greater than that of the oil, but the CR300 of the 4% 

PVP-K60 solution is lower than that of the oil. Specifically, the 4% PVP-K60 solution had a maximum cooling rate of 87 

oC/s, which was higher than that of the oil (80 oC/s), while the CR300 values of the 4% PVP-K60 and oil quenchants was 

14.5 and 30 oC/s, respectively. Thus, the 4% PVP-K60 quenchant was selected when quenching steel parts with complex 

shapes made from high carbon steel or alloy steel to minimize the generation of distortion and stress.

(Fig. 4)

From the cooling rate results in Fig. 4b, the HTC values of the 4% PVP-K60 and oil quenchants were calculated 

according to the literature (Ref 32-35). These HTC values, as shown in Fig. 2b, were used as input parameters in the 

simulation process of 100Cr6 steel quenching in 4% PVP-K60 and oil quenchants. The hardness, stress and distortion 

results are shown in the following sections. 

4.2. Numerical simulation results

4.2.1. Hardness of the C-ring sample after quenching in 4% PVP-K60 and oil quenchants

By calculating the hardness of the sample while simultaneously calculating the stress and deformation when quenching 

in 4% PVP-K60 and oil quenchants, we obtain the results shown in Fig. 5.

(Fig. 5)

The results of the hardness calculation of the oil-quenched sample in Fig. 5a show that the highest hardness of the 

specimen is 778.263 HV at the top position of the C-ring (node 1177), where the thickness is the smallest and the cooling 

rate is the largest. At node 3360 (the core of the C-ring), the lowest hardness is 775.039 HV, corresponding to the location 

with the lowest cooling rate. The image of the color band distribution in Fig. 5a shows that the thinnest part of the C-ring 

sample has the greatest hardness, and the hardness values decrease from the thinnest to the thickest part and from the 

surface to the core of the C-ring sample. This result also reflects the theory of the quenching process: at a location with a 
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higher cooling rate, the hardness is higher (Ref 1, 36). However, the difference in the hardness values at node 1177 (the C-

ring top) and node 3660 (in core) was only approximately 3.2 HV.

The calculation results in Fig. 5b show that after 500 seconds of quenching in the 4% PVP-K60 solution, node 1177 at 

the top of the C-ring exhibited a maximum hardness of 777.143 HV and the minimum hardness is 772.959 HV at node 

1996 (in the core of the model). The hardness distribution results of the C-ring quenched in the 4% PVP-K60 solution were 

similar to those of the C-ring quenched in the oil: locations in the thinner region have greater hardness due to the larger 

cooling rate, and the hardness values decrease from the thinnest to the thickest part and from the surface to the core of the 

C-ring sample. The difference in hardness between node 1177 (the top of the C-ring) and node 1996 (in the core) is only 4.2 

HV. The results of the hardness simulation shown in Fig. 5 also confirm that when the C-ring samples were quenched in 

the 4% PVP-K60 solution and oil (their cooling rate is described in Fig. 4), the cooling rate at the core of the C-ring was 

more significant than the critical cooling rate of the 100Cr6 steel (approximately 40 °C/s) (Fig. 6). In other words, the C-

ring was quenched completely in both 4% PVP-K60 and oil quenchants. In particular, the difference in hardness when 

quenching in oil and 4% PVP-K60 is not significant (only 1.12 HV at the tip and 2.08 HV at the core), which means that 

4% PVP-K60 can be used instead of oil as the quenching medium without significantly affecting the resulting hardness of 

the 100Cr6 steel.

(Fig. 6)

4.2.2. Stress fields in the C-ring samples after quenching

The calculated results of the stress components in the C-ring samples after quenching in the 4% PVP-K60 solution are 

shown in Figs. 7 and 8. The SYSWELD software conventions are such that positive stress is the tensile stress and negative 

stress is the compression stress and has the minus sign "-" before the value in the scale.

(Fig. 7)
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Fig. 7 shows the calculated von Mises residual stress field (σeqv) and the normal stress field in the X, Y and Z directions. 

As shown in Fig. 7a, the maximum von Mises residual stress (σeqv, max) is 43.75 MPa at node 47 (red zone), and the minimum 

von Mises residual stress (σeqv, min) is 0.53 MPa at node 20506 in the apex of the C-ring model (blue zone). As a result, the 

maximum von Mises residual stress is obtained at two inner edges of the thick zone. The von Mises stress is minimal at the 

tip of the C-ring because the material is deformed more freely in this area. These calculation results also reflect the stress–

strain rule in mechanical theory.

The normal stress field along the X direction (σx) is shown in Fig. 7b. The maximum tensile normal stress in this direction 

(σx, max) is 44.2 MPa at the two inner edges of the thick material area (red zone), and the maximum compressive normal stress 

value (σx, min) is -31.55 MPa at node 19808 in the core of the model (blue zone). Compared to the von Mises residual stress 

field results, the σx, max area is similar to the σeqv, max area, and the values of σx, max are close to the values of σeqv, max. In 

particular, the distribution of the von Mises stress field is similar to that of the normal stress in the x-direction.

The normal stress field along the Y direction (σy) is illustrated in Fig. 7c. The maximum tensile normal stress in the Y 

direction (σy, max) is 34.15 MPa in the regions between the two planes of the thick material area (red zone), and the maximum 

compressive normal stress value (σy, min) is -24.18 MPa at node 19373 in the core of the model (blue zone). Compared to the 

von Mises residual stress field results, the σy, max zone moves inward in the plane.

The normal stress field along the Z direction (σz) is indicated in Fig. 7d. The maximum tensile normal stress in the Z 

direction (σz, max) is 32.77 MPa at the center body of the sample and concentrated in the thick material area (red area), the 

maximum compressive normal stress value (σz, min) is -20.16 MPa at node 17845 in the core of the model (blue zone).

The tangential stress components in planes XY, YZ and ZX are shown in Fig. 8. The red area and the blue area represent 

tensile stress and compressive stress, respectively. The tangential stress components in the XY (τxy) plane are more significant 

than those in the YZ (τyz) and ZX (τzx) planes. This means that the influence of the tangential stress components in planes YZ 

and ZX on the equivalent stress (von Mises) is minimal.

(Fig. 8)

Similarly, the stress fields when quenching the C-ring sample in oil are calculated, and the results are shown in Figs. 9 and 

10.

(Fig. 9)
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(Fig. 10)

The obtained results have shown that the stress distribution in the oil-quenched sample is very similar to the stress 

distribution when the sample is quenched in the 4% PVP-K60 solution. However, the values of the received stress 

components are slightly different, as shown in Table 2 below.

                                                                                                                                                                                (Table 2)

The results in Table 2 show that all residual stress components of the oil-quenched sample are greater than those of the 

4% PVP-K60-quenched sample. Thus, if considered in terms of residual stress after quenching, the 4% PVP-K60 solution is 

better than oil for quenching a C-ring specimen made of 100Cr6 steel.

Development of the stress at the surveyed node

The calculated results were exported and represented in plots to quantitatively study the development of the stress at each 

position (node) on the model. Fig. 11 indicates the formation and development of the internal stress components at node 706 

(located at the bottom plane, the same as node 47).

It is known that the quenching process means rapidly and continuously cooling the sample in the quenchant. This means that 

if there is no phase transformation in the material, the sample will continuously shrink after immersion in the quenchant until 

it is finished. In this way, the stress components will obtain positive or negative values but not of the same magnitude, as 

shown in Fig. 11. However, during the quenching process of 100Cr6 steel, the lattice volume changed during the phase 

transformation. Therefore, the material will be compressed and tensiled continuously during quenching and the stress 

components at these locations are continuously reversed, as shown in Fig. 11.

(Fig. 11)

As shown in Fig. 11, in the first 6.67 seconds, the stress components at node 706 vary on the positive side of the original 

axis, which means that the metal is compressed. The value of the normal stress component along the X direction (σx) is much 

larger than that of other stress components, so the von Mises stress (σeqv) depends almost exclusively on σx. The maximum 

normal stress along the X direction (σx, max) is approximately 290 MPa, and σeqv, max is approximately 250 MPa. In the period 

from 6.67 to 8.33 seconds, all the stress components are reduced sharply to zero, whereas the stress components evolve on the 
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negative side of the graph axis in the period from 8.33 seconds to 91.67 seconds. The normal stress (σx) is still higher than the 

others and reaches a maximum value (σx, max) of approximately -405 MPa. The reversed σx stress but reduced intensity is 

observed after 91.67 seconds. The maximum value of the normal stress component in the X direction (σx, max) after 500 

seconds at node 706 is 45.1 MPa, and the maximum von Mises residual stress (σeqv, max) at node 706 is 43.97 MPa. There are 

two impact factors on the above results: shrinkage during quenching and expansion due to phase transformation. In the 

quenching process of the C-ring samples in the 4% PVP-K60 quenchant, the stress components that appear in the 0-500 

second range are denoted as the components of the operating stress, and the stress components after finishing quenching for 

approximately 500 seconds (when the sample was cooled to ambient temperature) are denoted as the components of the 

residual stress. The intensity of the residual stress is smaller than that of the operating stress.

4.2.3. Distortion of the C-ring samples after quenching

The simulation results of the displacement components of the C-ring samples during quenching in the 4% PVP-K60 

quenchant are shown in Fig. 12. To clearly show the deformation of the sample before and after quenching, the technique of 

displaying both the original FEM results concurrently with the calculation results is used. Here, the distribution of the color 

bands describes the position of the sample after quenching and has been magnified 20 times. The displacement of all the 

sample nodes in the X direction (the opening direction of the C-ring sample - Gap width) is illustrated in Fig. 12a. The 

observation of the maximum displacement in the X direction is +0.05 mm (red zone) at node 2029 in the apex of the C-ring 

sample. Since the model's coordinate system is in the center of a large circle, the displacement of node 1964 on the opposite 

side of node 2029 through the opening is the same as node 2029 with a negative sign (blue area). The difference in the 

calculated value of the displacement in the X direction of these two nodes is due to an error of calculation. Fig. 12b shows the 

displacement of the sample in the Y direction after quenching in the 4% PVP – K60 quenchant. The maximum displacement 

value in this direction is 0.074 mm at the C-ring top (node 584).

(Fig. 12)

The displacement of the sample in the Z direction (thickness direction) is shown in Fig. 12c. As a result, the displacement 

of all the nodes in the thickness direction (Z-axis) is relatively small. The total displacement in the 3 directions X, Y and Z is 

indicated in Fig. 12d. In this case, the positions with the largest total displacement (Dnorm, max) are the nodes (100; 584;...etc) 

at the end of the C-ring apex with a displacement value of 0.0816 mm.
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The displacement calculation results of the C-ring specimen when quenched in oil are described in Fig. 13. The results 

show that the most significant displacements in the X, Y, and Z directions were 0.053, 0.074, and 0.028 mm, respectively. 

The total displacement of the oil-quenched C-ring sample was 0.0819 mm. Similar to the 4% PVP-K60 quenchant, when 

quenching in the oil, the displacement in the Z direction is the smallest in the three directions. Compared with the 4% PVP-

K60-quenched sample, the displacement in the X and Z directions and the total displacement of the oil-quenched sample were 

larger. However, the difference in displacements in the X, Y, and Z directions and the total is small. This result also reflects 

the law that the 4% PVP-K60-quenched C-ring has a CR300 that is smaller than that of the oil-quenched C-ring (Fig. 4b), so 

the distortion of the received sample is smaller, although the CRmax of the 4% PVP-K60 quenchant is larger than that of the 

oil quenchant. Thus, the distortion on the quenched sample largely depends on the CR300 or the cooling rate in the austenite to 

martensite transformation zone.

(Fig. 13)

Development of displacement formation at the surveyed node

To quantitatively investigate the development of the displacement at each node of the model, we exported and presented 

the calculation results in graph form. The graphs in Fig. 14 show the displacement component changes at node 584 (at the tip 

of the model) from the moment the sample was immersed in the 4% PVP-K60 solution until the sample cooled to ambient 

temperature.

As mentioned above, if there is no phase transformation of the material, the sample will continuously shrink (deform) 

during quenching from start to finish. In this case, the displacement will only always increase or decrease and will not 

change, as shown in Fig. 14. However, due to the phase transformation during the quenching of the 100Cr6 steel in the 4% 

PVP-K60 medium, the lattice of the steel volume was changed, so the sample strain was continuous and the displacement 

components at any position were continuously reversed, as shown in Fig. 14.

(Fig. 14)

As shown in Fig. 14, the displacement values at node 584 largely increase and decrease continuously in the first 20 

seconds. There are two factors that impact these displacements: shrinkage due to quenching and expansion due to phase 

transformation. After approximately 160 seconds, the displacement components are almost unchanged. The results have 
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shown that node 584 is displaced by -0.0337 mm, 0.074 mm, -0.0054 mm, and 0.0816 mm in the Dx, Dy, Dz and Dnorm 

directions, respectively.

The development of the displacement at node 584 during quenching in oil is shown in Fig. 15. The results show that the 

change in the displacement values in the X, Y, Z directions on the oil-quenched sample reflects the same rule as the 4% PVP-

K60-quenched sample.

(Fig. 15)

To determine the distortion values of the GW (at locations: top, middle and bottom), ID and OD, the displacement 

calculation results at nodes 555, 556, 682 and 1292 (Fig. 16) need to be extracted.

(Fig. 16)

The displacement values at nodes 584, 555, 556, 682 and 1292 in the X, Y, and Z directions and the total displacement of 

the two samples quenched in oil and the 4% PVP-K60 solution are listed in Table 3. The results show that the oil-quenched 

sample has displacement values in all directions and that the total displacement is greater than that of the 4% PVP-K60 

solution, but the difference is relatively small. The displacement at node 584 is the greatest because the cooling rate at this 

node is maximal.

(Table 3)

From the displacement in the X direction (Dx) in Column 3 and Column 7 of Table 3, the GW, ID and OD values of the 

C-ring sample were calculated (2 x Dx) and are shown in Table 4. According to the deformation results in Table 4, it is easy 

to see that the C-ring samples quenched in oil and 4% PVP-K60 both increase in size after quenching. The highest 

deformation was observed at the open top (GW) of the C-ring sample, and this behavior was also observed in other studies 

(Ref 37, 38). The increases in the GW, ID and OD values in this study are related to the formation of the martensite phase at 

different thick and thin sections on the C-ring sample. The formation of martensite leads to the volume expansion of the 

material (Ref 38).

(Table 4)

Page 17 of 39 Journal of Materials Engineering and Performance

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

17

Comparing the openness (GW) of the sample at 3 locations, top, middle, and bottom, it is easy to see that the GW at the 

top position of the C-ring is the largest because in this position, the cooling rate is the largest. The results in Table 4 also 

showed that the openings GW, ID, and OD of the C-ring, when quenched in oil, were greater than those of the C-ring 

quenched in 4% PVP-K60. The maximum difference in the openings of the C-ring sample when cooled in oil and 4% PVP-

K60 was approximately 19%. These results confirm that the 4% PVP-K60 quenchant can replace oil in the quenching of 

100Cr6 steel.

4.3. Experimental results

4.3.1 Hardness of the C-ring samples after the quenching

To study the consistency and to facilitate the evaluation, the authors performed microhardness measurements in 2 regions 

of the sample. One region has a fast cooling rate (thinnest region of C-ring - zone A), and the other has a slow cooling rate 

(thickest region of C-ring – zone B). At each zone A and B on the sample, the hardness is measured at 5 different locations, 

and the hardness values reported is the average of the measurement points.

The results of the experimental measurements of hardness are shown in Table 5. The oil-quenched sample has a hardness 

greater than that of the sample quenched in a 4% PVP solution by approximately 3 HV on average. For both samples, the 

hardness in zone A was higher than that in zone B, which means that the region with the higher cooling rate exhibited the 

higher hardness. The hardness difference between zones A and B for the samples quenched in oil and 4% PVP-K60 is 10.6 

and 11.6 HV, respectively. Thus, although the cooling rates of these regions are larger than the critical cooling rate of 100Cr6 

steel, the hardness would be lower at the locations where the cooling rate is lower.

(Table 5)

The results from the comparison of the hardness measured by the experiment with the results obtained from the 

simulation in Section 4.2.1 are obtained as shown in Fig. 17. The results show that the hardness in zone A was greater than 

that in zone B for both samples quenched in oil and 4% PVP-K60 solution. The hardness in zone A was greater than that in 

zone B by approximately 2-3 HV. On the other hand, the simulation and experimental results have the largest difference of 

approximately 4 HV. This shows that the simulation calculation program is meaningful in assessing the hardness of the 

quenched sample.
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(Fig. 17)

4.3.1. Stress values

After the distortion measurements, the sample was subjected to residual stress measurements by X-ray diffraction on a 

Rigaku D/MAX RAPID II machine. The total residual stress  was measured at two surveyed locations that correspond to 

node 310 and node 480 in the simulation model (Fig. 18a).

Calculation and determination of surface stress  according to numerical simulation:

To verify the reliability of the residual stress in the simulation, this result was compared to the experimental value. Since 

the calculated stresses in the simulation were the three-dimensional stress components, whereas the stress measured by X-ray 

diffraction was the stress on the surface, the following transformation was performed:

The surface containing node 310 and node 480 is the (x, y) plane of the simulation model, so the stress components 

include x, y, xy and yx (Fig. 18b). The principal stress components 1 and 2 in plane (x, y) are obtained as follows:

                                                           (4)

                             (5)
 
So, 1D stress is obtained as follows: 

 

                                                                                                                                                                     (6) 

 

(Fig. 18)

To extract the results of the stress simulation calculation at nodes 310 and 480, the residual stress components at the 

finished quenching time (t = 500 s) are written in Columns 3, 4, and 5 in Table 6. Next, the stress components were used in 

Equation (4) to determine the principal stress components 1 and 2 (recorded in Columns 6 and 7 of Table 6). Due to 1  

2, the stress  will be calculated by using Equation (6). The results  of node 310 and node 480 for various quenchants are 

listed in Column 8 of Table 6.

(Table 6)
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The simulation results also reflect the same rule as the experimental results, in which the residual stress when quenching 

the C-ring sample in 4% PVP – K60 and oil quenchants at node 480 are larger than the measured result at node 310. On the 

other hand, the simulation result is very close to the experiment. Thus, it can be confirmed that the computer software 

simulation of the quenching process can be used to predict the quenching process before an experiment.

4.3.2. Distortion values

The measurement of the varying dimensions of the C-ring before and after quenching, which are displayed in Fig. 3b, was 

carried out by a Profile Projector coordinate measuring machine. The measurement results of the distortions (GW, ID, and 

OD) of the C-ring samples will be compared with the values obtained by the numerical simulation (Tables 7-8), and the errors 

were estimated as the difference between the measured and simulated distortions.

(Table 7)

(Table 8)

Similar to the simulation, the GW openness is also measured and calculated at the top, middle and bottom positions. The 

results in Table 7 show that the GW distortion at the top position is the greatest and gradually decreases from the top position 

to the bottom position of the thinnest part of the C-ring. The ID and OD distortions are much smaller than that of GW. The 

reason is the difference in cooling rate, which affects the transformation of the austenite phase into martensite between the 

thinnest and thickest regions on the C-ring sample. The transformation of austenite into martensite will cause volume 

expansion of the material (Ref 38), and where more martensite is formed (top of the C-ring), there will be more distortion and 

a higher hardness. The simulation results similarly reflect the aforementioned rule of the experiment. The calculation results 

in Tables 7-8 also show that the maximum error between the simulation and experiment is 20%, which is acceptable (Ref 22). 

This means that the simulation results from the program and the computational conditions are entirely usable to predict the 

distortion of the sample during quenching, thereby allowing for the identification of a suitable quenchant for a particular 

material with a defined shape and size. Therefore, saving time and reducing testing costs or bringing high economic 

efficiency in research and production can be realized. In addition, the numerical simulation is significant and effective for 

new problems (new materials and/or new quenchants).

5. Conclusions
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This paper reported the results of the hardness, stress and distortion for C-ring sample quenching in 4% 

polyvinylpyrrolidone (PVP) – K60 solution and oil by using simulation and experimental measurements. The study showed 

that the CRmax of the 4% PVP-K60 solution was greater than that of the oil, but the cooling rate of the 4% PVP-K60 solution 

at 300 °C (CR300) was smaller than that of the oil. The greater the CR300 was, the greater the hardness, stress, and distortion. 

The oil-quenched sample had a hardness greater than that of the sample quenched in a 4% PVP solution by approximately 3 

HV on average. At the locations where the cooling rate was lower, the hardness was lower. All residual stress components of 

the oil-quenched sample were greater than those of the 4% PVP-K60-quenched sample. The openness of the GW, ID, and 

OD of the oil-quenched C-ring sample was larger than that the PVP-K60-quenched C-ring sample, which means that the C-

ring sample was more distorted when quenched in oil in comparison with 4% PVP-K60 solution. The values of hardness, 

stress and distortion of the quenched samples depend less on CRmax and more on CR300. Simulation and experimental results 

of the hardness, stress, and distortion of the C-ring samples reflected the same rule. The errors between the simulation and 

experiment regarding distortion were approximately 20%. The research results also showed that a solution of 4% PVP-K60 

could replace oil for quenching 100Cr6 steel with the aim of reducing distortion and residual stress in the quenched parts, 

which is environmentally friendly and improves working conditions while still achieving the same hardness results as 

conventional oil quenching. The application of the computational model in this study has great significance for the heat 

treatment industries that design of machine parts, the prediction of mechanical properties, and the prevention of failure due to 

fractures in quenched components. However, for a more comprehensive assessment, further studies are required on the 

influence of the quenching medium on the microstructure of the steel. Furthermore, the useful lifetime of the 4% PVP-K60 

quenchant must also be studied to confirm the significance of this quenching medium. 
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Figure Caption

Fig. 1 Dimensions [mm] of the C-ring (a) and the finite element model of the C-ring sample (b)

Fig. 2 Thermal convection surface (skin) to the quenchant (a) and the function of the HTC of 4 % PVP-K60 and oil 

quenchants (b)

Fig. 3 The clamped position of the C-ring sample during quenching (a) and C-ring before heat treatment (n, m, a dimension) 

and after the quenching (n', m', a' dimension) (b)

Fig. 4 The cooling curves have been recorded using a test probe of Inconel 600, ø12.5 × 60 mm, according to ISO 9950 (a) 

and cooling rate (b) of 4 % PVP-K60 and oil quenchants

Fig. 5 Hardness of the C-ring specimen when quenched in 4 % solution of PVP-K60 and oil

Fig. 6 CCT diagram of 100Cr6 steel [20]

Fig. 7 Von Mises residual stress field (a) and normal stress in the X direction (b), Y direction (c) and Z direction (d) after the 

          quenching in 4 % PVP-K60 for 500 seconds

Fig. 8 The stress fields in planes XY (a), YZ (b) and ZX (c) after the quenching in 4 % PVP-K60 for 500 seconds

Fig. 9 Von Mises residual stress field (a) and normal stress in the X direction (b), Y direction (c) and Z direction (d) after the 

          quenching in oil for 500 seconds

Fig. 10 The stress fields in planes XY (a), YZ (b) and ZX (c) after the quenching in oil for 500 seconds

Fig. 11 Development of the stress components at node 706 during the quenching in 4 % PVP-K60

Fig. 12 Displacement of the 4 % PVP- quenched sample in the following directions: X (a), Y (b), Z (c) and total distortion (d)

Fig. 13 Displacement of the oil - quenched sample in the following directions: X (a), Y (b), Z (c) and total distortion (d)

Fig. 14 Development of the displacement at node 584 during the quenching in 4 % PVP-K60

Fig. 15 Development of the displacement at node 584 during the quenching in oil

Fig. 16 Location of displacement survey nodes on the model

Fig. 17 Hardness on sample after the quenching in oil and 4% PVP at zones A and B by the simulation and experiment

Fig. 18 Survey of locations of the residual stress on the C-ring (a) and the principal stress components (b)
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Table caption

Table 1. Input parameters in the quenching process for the C-ring sample of 100Cr6 steel

Table 2. The maximum value of the stress components when the C-ring sample was quenched in oil and 4 % PVP-K60

Table 3. Displacement in the following directions at nodes of the C-rings when quenched sample in 4 % PVP solution and oil

Table 4. Results of distortion for the quenched C-rings

Table 5.  Vickers hardness [Kg/mm2] at the measurement zones on the sample when quenched in oil and 4 % PVP-K60

Table 6. The residual stress at N310 and N480 on the surface of the C-ring sample of 100Cr6 steel after 

               the quenching in 4 % PVP – K60 and oil quenchants

Table 7. Comparison of measured and predicted GW distortion of C-ring in different quenchants

Table 8. Comparison of measured and predicted distortion of C-ring in different quenchants
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Table 1. Input parameters in the quenching process for the C-ring sample of 100Cr6 steel

Parameters Values

Model type 3D (Solid)

Material 100Cr6

Quenchants 4% PVP-K60 and oil

Ambient temperature 25 [o C]

Holding time 500 [s]

Time increments 0.01 ÷ 0.1 [s]

The temperature of the sample 850 [o C]

Time of clamping 500 [s]

Table 2. The maximum value of the stress components when the C-ring sample was quenched in oil and 4 % PVP-K60

Quenching medium σeqv [MPa] σx [MPa] σy [MPa] σz [MPa] τxy [MPa] τyz [MPa] τzx [MPa]

Oil 49.5119 48.9752 40.4211 37.2661 22.7956 10.8906 8.24262

4 % PVP –K60 44.5146 45.4787 34.9313 33.988 19.0243 9.84368 7.13926

Table 3. Displacement in the following directions at nodes of the C-rings when quenched sample in 4 % PVP solution and oil

4 % PVP-K60 quenchant Oil quenchant
Nodes Dnorm 

(mm)
Dx 

(mm)
Dy 

(mm)
Dz 

(mm)
Dnorm 
(mm)

Dx 
(mm)

Dy 
(mm)

Dz 
(mm)

584 0.0816 -0.0487 0.0721 -0.0054 0.0819 -0.0492 0.0741 -0.0055

555 0.0761 -0.0315 0.0691 -0.0034 0.0776 -0.0305 0.0712 -0.0052

556 0.0725 -0.0275 0.0669 -0.0049 0.07434 -0.0269 0.06895 -0.0047

682 0.0289 -0.0102 0.0235 -0.0134 0.0316 -0.0118 0.0266 -0.0122

1292 0.0027 -0.0077 0.0027 -0.0174 0.0199 -0.0095 0.0043 -0.0169

Table 4. Results of distortion for the quenched C-rings

GW (mm)
Quenchants

Top Middle Bottom
ID 

(mm)
OD 

(mm)

4 % PVP-K60 0.0974 0.063 0.055 0.0204 0.0154
Oil 0.0984 0.061 0.0538 0.0236 0.019
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Table 5.  Vickers hardness [Kg/mm2] at the measurement zones on the sample when quenched in oil and 4 % PVP-K60

Oil 4 % PVP-K60
No.

Zone A Zone B Zone A Zone B

1 791 774 785 762

2 787 779 781 773

3 784 775 783 779

4 781 780 790 778

5 794 776 781 770

Average 787.4 776.8 784 772.4

Table 6. The residual stress at N310 and N480 on the surface of the C-ring sample of 100Cr6 steel after the quenching in 4 % 

               PVP – K60 and oil quenchants


Error 
(%)Quenchants Node x y τxy 1 2

Measurement Simulation
310 10.0 7.2 2.8 11.73 5.47 14.36 12.94 10%4 % PVP-K60 480 27.82 32.33 0.14 32.33 27.82 48.76 42.65 12.5%
310 11.2 8.85 3.3 13.53 6.52 18.09 15.02 17%Oil 480 32.71 37.1 0.05 37.1 32.71 48.76 49.46 1.4%

Table 7. Comparison of measured and predicted GW distortion of C-ring in different quenchants 

Measured GW 
distortion/mm

Predicted GW 
distortion/mm Error (%)

Quenchants
Top Middle Bottom  Top Middle Bottom Top Middle Bot

tom
Oil 0.123 0.0746 0.0654  0.0984 0.061 0.0538 20 18 17

4% PVP-K60  0.118 0.0716   0.0624            0.0974 0.063      0.055 1     17 12 12

Table 8. Comparison of measured and predicted distortion of C-ring in different quenchants

Measured 
distortion/mm

Predicted 
distortion/mm Error (%)

Quenchant
ID OD ID OD ID OD

4% PVP-K60  0.023 0.018 0.0204 0.0154 11 14
Oil 0.026 0.021 0.0236 0.019 17 10
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a)

 

b)

b)

Fig. 1 Dimensions [mm] of the C-ring (a) and the finite element model of the C-ring sample (b)

Fig. 2 Thermal convection surface (skin) to the quenchant (a) and the function of the HTC of 4 % PVP-K60 and oil 

quenchants (b)

 

    

Skin: 5 layers
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a)

b)
Fig. 3 The clamped position of the C-ring sample during quenching (a) and  C-ring before heat treatment (n, m, a 

dimension) and after the quenching (n', m', a' dimension) (b)

Embedded direction
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Fig. 4 The cooling curves have been recorded using a test probe of Inconel 600, ø12.5 × 60 mm, according to ISO 

9950 (a) and cooling rate (b) of 4 % PVP-K60 and oil quenchants

Fig. 5 Hardness of the C-ring specimen when quenched in oil (b) and 4 % solution of PVP-K60 (b)
     (Fig. 5) - Online version in color

a) b)
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Fig. 6 CCT diagram of 100Cr6 steel (Ref 20)

Fig. 7 Von Mises residual stress field (a) and normal stress in the X direction (b), Y direction (c) and Z direction (d) after the 
quenching in 4 % PVP-K60 for 500 seconds

(Fig. 7) - Online version in color

b)a)

c) d)
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Fig. 8 The tangential stress fields in planes XY (a), YZ (b) and ZX (c) after the quenching in 4 % PVP-K60 for 500 seconds

(Fig. 8) - Online version in color

a) b)

c)
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Fig. 9 Von Mises residual stress field (a) and normal stress in the X direction (b), Y direction (c) and Z direction (d) after 
the quenching in oil for 500 seconds

(Fig. 9) - Online version in color

a) b)

c) d)
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Fig. 10 The tangential stress fields in planes XY (a), YZ (b) and ZX (c) after the quenching in oil for 500 seconds

(Fig. 10) - Online version in color

Fig. 11 Development of the stress components at node 706 (or node 47) during the quenching in 4 % PVP-K60
(Fig. 11) - Online version in color

Node 706

a) b)

c)
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Fig. 12 Displacement of the 4 % PVP-quenched sample in the directions: X (a), Y (b), Z (c) and total distortion (d)

(Fig. 12) - Online version in color

a) b)

c) d)
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Fig. 13 Displacement of the oil-quenched sample in the following directions: X (a), Y (b), Z (c) and total distortion (d)

(Fig. 13) - Online version in color

Fig. 14 Development of the displacement at node 584 during the quenching in 4 % PVP-K60

(Fig. 14) - Online version in color

a) b)

c) d)

Node 584
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Fig. 15 Development of the displacement at node 584 during the quenching in oil

(Fig. 15) - Online version in color

Fig. 16 Location of displacement survey nodes on the model
 

(Fig. 16) - Online version in color

Node 584
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Fig. 17 Hardness on sample after the quenching in oil and 4% PVP at zones A and B by the simulation and experiment

(Fig. 17) - Online version in color

Fig. 18 Survey locations of the residual stress on the C-ring (a) and the principal stress components (b)

(Fig. 18) - Online version in color
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