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Abstract 

The thermal cycles during heat treatment of steel rings made of medium carbon steel 

were recorded by the insertion of type K thermocouples. The rings were reheated following a 

multi-stage cycle that allowed for a homogeneous distribution of temperature before normalizing 

and quenching. The temperatures recorded by these devices were used to evaluate the critical 

points during transformation by thermal analyses and a continuous cooling transformation 

diagram was constructed. Hardness values measured on quenched rings are compared with those 

predicted by a commercial software used to predict the behaviour of the steel during quenching. 

Introduction 

Medium carbon steels are used in the manufacture of engineering devices due to the 

possibility of enhancing their mechanical properties by heat treating. The steels when quenched 

and tempered contain a microstructure that consists of tempered martensite at the surface and, 

depending on the size and composition of the piece, of diffusional transformed structures that 

offer the best combination of hardness, strength and toughness [1]. 

The reactions that promote the microstructures in the steels can be described by means of 

transformation diagrams in which the start and end of the various reactions can be followed by 

curves traced in the temperature-time domain. These reactions can be described by means of 

isothermal (TTT) or continuous cooling (CCT) transformation diagrams [1]. These phase 

transformations are reflected in the mechanical properties of the material. 

The aim of this work is to present the procedure followed to construct the CCT diagram 

of medium carbon steel used for the production of hot rolled rings, as these pieces are used in the 

manufacture of other devices that are controlled within narrow margins.  

Experimental Procedure 

 Various steel rings made from an AISI 4140 steel type, Table 1, were used in this work. 

The rings were hot rolled to obtain the dimensions of 2,630 mm in diameter, a wall thickness of 

164 mm and 188 mm in height, Fig. 1. The pieces were austenitized following a multi-step 

reheating cycle to reach a temperature of 870°C before normalizing and quenching. The rings 

were instrumented by the insertion of 20 K-type thermocouples located in four different angular 

planes. Each plane had a thermocouple at the centre and the other four were located close to the 
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surface (3 mm) at the middle of each of the faces. The rings were left to cool in air or placed 

within a quenching bath that had a water-polymer mixture with a 8% concentration. 

Table I. Chemical composition (% mass) of the steel. 

C Cr Mn Si Mo Cu Ni V Al S Nb 

0.43 1.15 0.77 0.23 0.20 0.09 0.07 0.035 0.021 0.013 0.01 

Figure 1. Steel ring used in this work. 

Figure 2. Temperature-time curves for the reheating and normalizing cycles. 

Figure 3. Cooling conditions taking place while normalizing. 
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Figure 4. Temperature-time curves for the reheating and quenching cycles. 

Figure 5. Cooling conditions taking place while quenching. 

Figure 6. Comparison of the temperatures recorded at various positions during normalizing. 
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Figure 7. Comparison of the temperatures recorded at various positions during quenching. 

 The electromotive force from the thermocouples was recorded with a scanning period of 

30 s with the aid of a 16 bit analogue to digital conversion card; the accuracy in the conversion 

of electromotive force to temperature is ±0.25 C; the confidence of the temperature readings 

given by the thermocouples is ±1.1 C. The time-derivative (dT/dt) was obtained by fitting a 

second-degree polynomial through an odd number of points from the cooling curves; dT/dt was 

evaluated at the mid-point of the odd data [2,3]. The occurrence of the critical points of 

transformation was deduced from oscillations in the curves resulting from plotting the time-

derivative as a function of time or temperature. 

 A quenched ring was sectioned to record the changes in hardness within the cross-section 

of regions close to those in which the thermocouples were inserted; the measurements are 

reported in the Brinell scale; the measurements were made with a 10 mm hardened steel ball a 

load of 3,000 kg was applied for 30 s. These values were compared with the predictions obtained 

by a commercial software. 

Results and Discussion 

 Figs. 2 and 3 show respectively the temperature changes taking place during the whole 

thermal cycle (heating and cooling) and during the normalizing stage of a ring. The square insert 

shows the five locations at which the thermocouples were inserted; the annular insert shows the 

four angular positions that were selected to insert the thermocouples (identified as A to D). Figs. 

4 and 5 show the corresponding curves for a quenched ring. Figs. 6 and 7 plot the temperatures 

recorded at equivalent positions recorded in the angular positions. 

 Figs. 8 to 10 illustrate the analyses conducted to determine the critical points. Three 

curves are drawn; these are the cooling curve, T-t, the time derivative as a function of time, 

dT/dt-t, and the change of temperature as a function of the derivative, T-dT/dt. It can be noticed 

that oscillations in the T-t curve transform into peaks in either dT/dt-t or T-dT/dt curve. Strong 

exothermic reactions such as the start of perlite (Ps) and martensite (Ms) cause the recalescence 

in the cooling curve that result in loops in the other curves. The peaks and inflexions of the 

different reactions are identified in each of the curves shown in Figs. 8 to 10. Fig. 11 shows the 

CCT diagram constructed from the critical points detected in curves such as the ones shown in 
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Figs. 8 to 10. The diagram includes the temperatures corresponding to Ms, Ac1 and Ac3

calculated from the chemical composition of the steel [4]. 

Figure 8. Thermal analysis conducted on the data from a thermocouple close to the surface of a quenched ring. 

Figure 9. Thermal analysis conducted on the data from a thermocouple at the centre of a quenched ring. 

Figure 10. Thermal analysis conducted on the data from a thermocouple at the centre of a normalized ring. 
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Figure 11. CCT diagram constructed from the information obtained by the thermal analyses of the cooling curves. 

Figure 12. Hardness values recorded and predicted in a quenched sample. 

 The cooling curves recorded from the different points within the cross-section of the ring 

were used to simulate the transformation to martensite and other transformation products. This 

procedure was done using the commercial code FORGE [5]. The amount of the different phases 

was computed and the mechanical properties were deduced from their mixture. Full information 

on this procedure can be found elsewhere [6,7]. Fig. 12 compares the hardness values measured 

and predicted as a function of the normalized distance. A good correlation of the measured and 

predicted values is appreciated at the edges of the samples, where most of the microstructure will 

be made of martensite; a higher disagreement is found towards the centre of the piece, where 

diffusional phases will begin to occur.  

Conclusions 

The insertion of thermocouples within the piece allowed for recording the heating and 

cooling curves during normalizing and quenching. The data was processed to obtain the 

temperatures at which different transformation reactions started or ended, and with this 
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information a CCT diagram was drawn. 

The agreement between measured and predicted hardness values is good enough to 

justify the calibration and use of the commercial software to predict the variation of 

microstructure within the cross-sectional area. 
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