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Abstract 

Currently, heat treatment is the most common and effective method for changing the properties of metals and 

their alloys. Ferrous alloys most often are heat treated and the most commonly used process of heat treatment 

is the quenching. At quenching the final structure and material’s properties are formed during the fast cooling 

process. Therefore, the correct choice of cooling conditions is critical for quality of quenched parts. The 

simulation of quenching is one of the modern approaches for researching the cooling processes. In order to 

obtain reliable results, the correct input data for simulation are crucial. It is commonly accepted that the heat 

transfer coefficient (HTC) plays most significant influence on the simulation results. Meanwhile in the 

specialized literature there are quite different values of HTC even at equal cooling conditions and a few data 

regarding its influence on the simulation results. The aim of this paper is to determine to what extent the results 

obtained after simulation of quenching processes are influenced by HTC. Samples of different dimensions and 

ratios between length and diameter (L/D), made of medium carbon steel (C45 EN 10083), were studied. 

Results for the influence of HTC together with geometry of the quenched parts, especially samples with 

different ratio length/diameter (L/D), are presented in the article. 

Keywords: Quenching simulation, heat transfer coefficient, cooling ability 

1. INTRODUCTION 

The modern processing of metallic materials is inconceivable without heat treatment. The use suitable heating 

and cooling conditions gives a possibility for significant change in materials properties, depending on their 

application and the requirements made to them. It is well known that the final structure after the heat treatment 

process is formed during the cooling stage; this stage is therefore of particular importance for the quality of 

heat treated products. However, despite the work of numerous researchers on the problem, the cooling stage 

is still the main reason for unsatisfactory products quality after heat treatment, especially in processes requiring 

accelerated cooling. An advanced approach to solve the complex problem for cooling conditions selection is 

to reveal the relationship between the object being cooled, the cooling media and the formed structure in the 

bulk of the object, through simulation of cooling processes. A basic prerequisite for reliable simulation results 

are the correct input data. These data can be classified in three groups:  

1) geometry and thermophysical properties of the object being cooled;  

2) heat transfer coefficient (НТС); 

3) relationship between the cooling rate and the resulting structure and properties - Time Temperature 

Transformation (TTT) or Continuous Cooling Transformation (CCT) diagrams. 
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Though the information about the influence of the values of heat transfer coefficient on the final simulation 

results is insufficient, it is commonly accepted that among the input data these values are the key factor 

determining the correctness of predicting the simulation results. Moreover, if the information for CCT diagrams 

is not gathered in real experiments, the correctness of their prediction should not be underestimated as the 

final result regarding the structure and properties is considerably influenced by the position of the predicted 

cooling curves on the CTT diagrams. 

There are different approaches for HTC determination as most commonly used are Lumped-heat-capacity 

method [1-6] and Temperature gradient method [5-15]. A feature of these methods is the need for initial 

information about how the temperature changes with time at one or several points in the bulk of the object 

being cooled. Different researchers use specimens of different materials with different shapes and dimensions; 

this difference in the specimens inevitably influences the registered cooling curves and therefore, it influences 

also the results for HTC. There are also other methods for HTC determination such as using the results of 

Jominy test [16-18] or using the determination of the current coolant temperature – calorimetric method [19,20]. 

A review of the available researches done by different authors demonstrates there are significant differences 

in the values and temperature distribution of HTC for same quenchants e.g. water. 

The present work aims to examine and evaluate the influence of heat transfer coefficient data on the simulation 

results for hardenability and mechanical properties obtained after quenching simulation of rotationally 

symmetrical products of medium carbon steel. 

2. METHODOLOGY 

The influence of the heat transfer coefficient (HTC) on the quenching simulation results was determined using 

Simufact specialized software and its module Heat Treatment [21]. The input data for the continuous cooling 

transformation curves that, when combined with the cooling curves, gave information on the microstructure 

and hardness of the used in the simulation steel were determined using JMatPro specialized software [22]. 

For material modelling, medium carbon steel for quenching and tempering С45 (EN 10083) was used. The 

chemical composition of C45 according to EN 10083-2:2006 and the used for the material modelling chemical 

composition are shown in Table 1. In the specialized literature it is recommended C45 to be quenched from 

temperatures of 820...860 °C. In the present study, temperature of 860С has been used for quenching 

simulation. The objects used in the simulation were cylindrical. The diameter D and the L/D ratio between 

length L and diameter D of the objects are shown in Table 2.  

Table 1 Chemical composition of C45 (wt%) 

Composition 
C 
 

Si 
 

Mn 
 

P 
 

S 
 

Cr 
 

Mo 
 

Ni 
 

Cr + Ni + 
Mo 

 

According to EN 
10083 

0.42-
0.5 

<0.4 
0.5- 

0.8 
<0.045 <0.045 0.4 <0.1 <0.4 <0.63 

Used for prediction of 
CCT diagram from 

JMatPro 
0.45 0.2 0.6 0.030 0.030 0.1 - 0.1 0.2 

Table 2 L/D ratios and diameter of heat treatment simulated objects (all dimensions are in mm) 

L/D = 0.1 L/D = 2 L/D = 5 

D = 300 D = 400 D = 30 D = 55 D = 80 D = 30 D = 55 D = 80 

The simulations of quenching were done using data for HTC from different sources [1,6,21,23] (Figure 1). 
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Figure 1 Values of HTC for water proposed by different researches and used for the quenching simulations 

[1,6,21,23] 

Using simulations with HTC values from the above mentioned different sources results for hardness 

distribution, depth of hardening and critical diameter Dcrit where 50 % of martensite is formed were obtained. 

According to [24] in quenched steel, containing 0.45 % carbon the semi-martensitic zone with 50 % of 

martensite should have a hardness of 45 HRC. Thus, hardness value of 45 HRC was accepted as a criterion 

for depth of hardening and Dcrit. 

3. RESULTS AND DISCUSSION 

Figure 2a and 2b show the results for hardness distribution within the bulk of the studied objects after 

quenching simulations using HTC for water according to [21]. The used in these simulations objects were with 

dimensions D = 300 mm, L/D = 0.1 and D = 55 mm, L/D = 5. In our work were registered and analysed hardness 

results only in a plane normal to the axis of the object, at a distance of ½ the length L. It is known that in  

products with low L/D ratio cooling through the frontal planes is considerable. Thus, the change in hardenability 

when using different values for HTC should be larger in planes parallel to the longitudinal axis, while the 

influence of the cooling through frontal planes on hardenability of products with L/D ratio greater than four can 

be considered insignificant. 

Graphical representations of the simulation results are presented only for objects with L/D = 5 and diameters 

D = 30 mm and D = 80 mm (Figure 3) as the size of this report is restricted. Simulation results for the 

hardenability of all studied objects are summarised in Table 3 as a function of HTC values, diameters and L/D 

ratios. 

According to Figure 3a and Table 3 the simulation results for the objects with diameter of 30 mm demonstrate 

that at the chosen conditions (D, L/D ratio, HTC values), regardless of the used HTC values, full hardenability 

of objects is to be expected. At greater diameters in all used here heat treatment simulated objects, according 

to the obtained in simulations hardness values, martensite will be formed only up to a certain depth (Figure 

3b and Table 3) but not over the whole section of the objects. It is worth noting that differences in the hardness 

values and hardenabillity obtained in the simulations using Shorin HTC and Narazaki HTC were not detected 

(Figure 3 and Table 3). As it is visible in Figure 3 at larger values of HTC (Shorin and Narazaki) the simulation 

results do not diverge while lower HTC values (Simufact and Hunkel) result in a considerable difference in the 

predicted hardness and hardenability depth. 
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a 

 
b 

Figure 2 Hardness results predicted with Simufact HTC and: a - diameter of 300 mm and L/D ratio 0.1;  

b - diameter of 55 mm and L/D ratio 5 

  

a b 

Figure 3 Predicted hardness as a function of distance from the surface (hardness profile) in objects with  

L/D = 5 and: a) D = 30 mm; b) D = 80 mm 

At L/D ≥ 2 the maximum difference in depth of hardening is not more than twice, despite the large differences 

in the input HTC values, and at the larger diameter of 80 mm it decreases (Table 3). 
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Table 3 Influence of HTC and L/D ration on the distance from the surface to semi-martensitic zone 

  (all dimensions are in mm) 

Used HTC values 
according to 

Distance from the surface to semi-martensitic zone, mm 

L/D = 0.1 L/D = 2 L/D = 5 

D=300 D=400 D=30 D=55 D=80 D=30 D=55 D=80 

Shorin HTC 19.6 10.2 -* 12.2 9.8 -* 12 9.5 

Narazaki HTC 20.5 10.6 -* 11.8 9.6 -* 11.5 9.4 

Simufact HTC 13.7 8 -* 9.2 7.8 -* 9.0 7.5 

Hunkel HTC 7.3 4.9 -* 6 5.5 -* 5 5.1 

*The heat treatment simulated objects obtain fully martensitic structure 

The critical diameters Dcrit from simulations with different HTC values was determined considering full 

hardenability is achieved when the hardness in the centre of the objects is not less than 45 HRC. According 

to the hardness results obtained from the simulations (not presented here), the quenching simulation using 

Hunkel HTC gave a critical diameter of 32 mm, the simulation with Simufact HTC – a critical diameter of 36.5 

mm, and the simulations with Shorin HTC and Narazaki HTC – a critical diameter of 40 mm.  

The analysis of data on the HTC values, available in the the cited here literature, shows that the values of heat 

transfer coefficient proposed by Hunkel are close to those of high-speed quenching oils. Nevertheless, a large 

critical diameter of 32 mm do not correspond to the data form the industrial practice according to which the 

critical diameter for C45 when mineral oils are used for quenching is of 6...12 mm.  

4. CONCLUSION 

The values of heat transfer coefficient given in the specialized literature vary considerably. The difference in 

the maximum values of the used for the simulations values of HTC is up to 20 times. There is a significant 

discrepancy between the dependence of the heat transfer coefficient from different sources on the 

temperature. 

The results obtained from simulations with values of HTC from different sources demonstrate a wide 

divergence in hardenability depth and critical diameters for steel C45. Therefore, the correct choice of the HTC 

values will have considerable importance for the reliability of the simulations results. 

The increase in the HTC values has as a result an increase in the hardenability depth in a nonlinear correlation. 

The influence of HTC on the hardenability decreases as the values of HTC increase. 
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