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Abstract/Резюме: Using an originally developed laboratory controlled air cooling automatic device regimes of controlled fasted 

normalization of low and middle carbon steel were studied. Significant improving of the steel structure was shown. The proposed 

technologies of controlled air cooling could be useful for small metal products of middle carbon steels heat treatment as an advanced 

normalization process. 
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1. Introduction/Введение 
Cooling in still air is a rather slow and uncontrolled process. The 

cooling rate can be increased by bringing the air into motion 

(creating an air flow) [1, 2]. At the same time, changing the air flow 

velocity the intensity of heat outflow can be controlled [3]. A 

material structure formed during a heat treatment processes depends 

on the cooling rate. Thus, by changing the flow velocity of the 

cooling environment the product material structure can be 

controlled. 

 
2. Basic principles / Основные принципы 
The main type of heat exchange in the system consisting of a metal 

sample and moving air is convection. It could be described by 

Newton's law of cooling which states that the rate of heat loss of a 

body is directly proportional to the difference in 

the temperatures between the body and its surroundings provided 

the temperature difference is small and the nature of radiating 

surface remains same. Newton's cooling law in convection is a 

restatement of the differential equation given by Fourier's law [4]: 

 tTA
dt

dQ
                              (1) 

where: Q – thermal energy, J; α – heat transfer coefficient, 

W/(m2·K); A – heat transfer surface area, m2; ΔT(t) – time-dependent 

thermal gradient between environment and object, K. 

 

Changing of an average temperature of a sample by losing of the 

thermal energy equal to Q is: 

mC

dQ
dT

p 


                               (2) 

where: T – temperature of the sample, K; Cp – specific heat, 

J/(kg·K); m – mass of the sample, kg. 

 

The equation (2) could be used for rough estimation of a sample 

temperature change when it is rather small. For bigger samples the 

heat transfer equation for non steady state conditions should be 

considered. But even for this case the equation (2) could be used for 

calculation of the near surface layer heat loss in finite difference 

solution method. By merging of equations (2) and (1) we can obtain 

the differential equation for estimation of the temperature changing 

during a cooling process in a small sample (3): 

 
dt
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                   (3) 

The main task in convection problems is the heat transfer 

coefficient α finding. For this purpose Nusselt number is used [5]. 

Heat transfer coefficient is equal (4): 

d

Nu 



                                 (4) 

where: Nu – Nusselt number; λ – coefficient of thermal 

conductivity, W/(m·K); d – characteristic size, m. 

 

Nusselt number depends on Reynolds number and Prandtl number 

[6]. This dependence is expressed by the empirical formula, which 

looks like equation (5): 
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where: Re – Reynolds number; Pr – Prandtl number; Re
n , Pr

n , n 

– empirical parameters. 

 

Reynolds number strongly depends on the environment moving 

velocity (6): 



dv 
Re

                       (6) 

where: v – environment moving velocity, m/s; d – hydraulic 

diameter, m; ν – kinematic viscosity, m2/s. 

 

It should be noticed, that most of the parameters are temperature 

depended.  

 

From the equations above it is seen that the cooling rate depends on 

the environment moving velocity because of Reynolds number 

dependence. Thus changing of the air flux speed could be used for 

the cooling rate control.  

 
3. Cooling device construction/Конструкция 

устройства для охлаждения 
Basing on this principle a laboratory automatic device for controlled 

air cooling was developed and constructed. Schema of this device is 

given on the figure 1. 

 

The device for controllable cooling of products in the air stream 

contains a chamber for cooling, an electric fan with direct current 

motor, which rotation speed can be adjusted. The working chamber 
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is a sliding tube of two parts, in the upper part of which there is a 

fan that pulls air from the bottom. The air enters the chamber 

through the gaps in the lower and lateral walls, which provides the 

necessary envelopment of the product by airflow. The drive of the 

fan is an electric DC motor, the speed of which is regulated 

automatically by the microcontroller electronic circuit of pulse-

width control of electric current according to the given program. 

 

The controller (6) according to the given program, based on the data 

on changing the airflow rate, which is read from the text file placed 

on the SD memory card generates control rectangular electric pulses 

with amplitude of 5 V of a certain width and frequency. 

 
Figure 1. Principle schema of the controlled air cooling automatic 

device: 

 1 – DC motor; 

 2 – bearing body; 

 3 – upper (fixed) part of the tube of the working chamber; 

 4 – lower (moving) part of the tube of the working 

chamber; 

 5 – fan; 

 6 – controller block; 

 7 – a cooled sample; 

 8 – temperature sensor; 

 9 – timed regulator; 

 10 – power unit and rectifier 

 

The pulse width is calculated by the program inserted in the 

controller based on the data on the time interval and the required air 

flow velocity. The impulses are fed to the block of the timed 

regulator. It consists of two stages. The first stage is an optocoupler 

that provides a complete galvanic currents solution, controller and 

power unit. This protects the controller from power network 

interference and interference caused by engine operation. The 

second degree is timed regulator for power control. The electric 

current is straightened with a rectifier. A low voltage timed 

regulator controls a high voltage like a relay key, but is capable of 

operating at a much higher frequency. Thus, a DC electric motor is 

fed a pulse voltage with an amplitude of 220 V. This is equivalent 

to reducing the voltage, which allows the engine to rotate with a 

lower speed. The engine rotates the fan, which creates a flow of air 

in the working chamber. The air enters the slits, located in the lower 

and the lateral parts of the chamber. The chamber is a pipe, which 

consists of two inserted one in one pieces that can be slipped. This 

is needed to simplify the placement of a cooled product in it. Before 

laying the hot product, lift the upper part of the tube, then lower it 

back. The pipe in the bottom is based on a metal (steel) plate, which 

has holes. At the lateral surface of the pipe at the bottom there are 

slits. Through them the air blown off the cooled sample. The faster 

the flow of air, the more intense the cooling will be. Data about the 

current flow rate and time from the beginning of the process are 

displayed on the controller's display. A thermocouple or a 

temperature sensor with an amplifier that can be inserted into the 

cooled product is connected to the controller. The signal of the 

thermocouple enters the controller, on the basis of which the 

temperature value is calculated. It is displayed on the controller 

display and is written to a file located on the SD memory card. This 

file is created at the beginning of the process and contains the data 

pairs of time / temperature. The process is completed when the 

controller program reaches the last line in the instruction file, or 

after pressing the prematurely interrupt button on the controller. The 

file with the original data can be created both manually and 

calculated using a special computer program that implements a 

mathematical model of cooling a metal sample in an air stream. It is 

not easy to bring the temperature sensor to a product that is cooled 

at a rather high speed without damaging the product. But the 

possibility of connecting a resistive temperature sensor or 

thermocouple to the controller is realized. 

 

The device has the following design features. To fix the bottom half 

of the pipe in the upper position, the bottom surface of the upper 

cover are special loops, and the pipe has appropriate incisions. The 

controller and control circuits are located in a separate enclosure. 

The controller has an independent power supply of 5 V, two control 

wires (PWM and earth) and three wires on a measuring resistive 

bridge containing a high-temperature thermistor, or four wires 

connected to a digital converter to which a thermocouple is 

connected. The program in the controller takes into account the 

nonlinearity of the dependence of the air flow velocity on the 

applied control pulse width. 

 
4. Materials/Материалы 
For the heat treatment with controlled air flux cooling study 

experiment were taken 3 types of low and middle carbon low 

allowed steel. Chemical composition of the samples is given in 

table 1. 

 

Table 1. – Chemical composition of the samples (wt. %) 

No. C Mn Si Ni Fe 

1 0.600 0.70 0.25 0.25 

base 2 0.470 0.90 0.25 0.25 

3 0.077 0.80 0.30 0.18 

 Samples were parallelepipeds with a 5 mm diameter hole 

for a thermal sensor. Average dimensions and masses of the 

samples are given in table 2. 

 

Table 2. – Average dimensions and masses of the samples 

No. x, mm y, mm z, mm Mass, g 

1 25.1 25.2 11.1 42.78 

2 31.5 14.2 24.1 80.47 

3 31.3 20.9 39.1 202.20 

 

The initial heat treatment of all this samples was normalization 

which includes heat to 900 ºC and cooling in the still air. Time of 

heat for the samples of the type 1 was ~ 15 minutes, for type 2 it 

was ~ 20 minutes and for type 3 it was ~ 30 minutes. After this 

preliminary heat treatment the samples average hardness was the 

next: 

 type 1 – 81.5 ± 3.6 HRB 

 type 2 – 81.1 ± 3.3 HRB 

 type 3 – 73.8 ± 1.1 HRB 

The typical microstructures of the samples are shown on figure 1. 

The numerical characteristics (average grain and pearlite colonies 

size) of the samples material microstructure are following: 

 type 1 – 34.4 ± 9.6 μm 

 type 2 –14.3 ± 3.9 μm 

 type 3 – 20.1 ± 5.2 μm 
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                                                  a)                                                               b)                                                          c) 

             
                                               d)                                                              e)                                                               f) 

             
                                                  g)                                                            h)                                                           i) 

Figure 1 – Structure of the samples after preliminary heat, magnification × 487: 

a, b, c – type 1; d, e, f – type 2; g, h, I – type 3 

   
                                                    a)                                                                                                           b) 

 
                                                                                                                         c) 

Figure 2 – Regimes of samples cooling: 

a) for type 1, b) for type 2, c) for type 3 
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5. Regimes of the heat treatment/Режимы 

термической обработки 
Basing on calculation by our application for phase transformation 

kinetics simulation [7] and a program for convectional heat transfer 

calculation cooling regimes of cooling for each type of samples 

were developed. Regimes of air flux velocity changing in conditions 

of the cooling device to obtain these regimes were also calculated. 

Plots of the regimes are shown on figure 2. 

 

Wavy shape of air flux velocity changing was set to eliminate 

temperature difference in samples cross-sections. The developed 

techniques are aimed on obtaining of ferrite (in low carbon steel) 

and ferrite + pearlite structure types with finer grains. 

 

 
6. Results and discussion/Результаты и 

обсуждение 
Structure changing was noticed in all of the samples after controlled 

faster cooling. Typical structures are shown on figure 3. 

 

 

     
                                                     a)                                                        b)                                                               c) 

     
                                                  d)                                                            e)                                                             f) 

     
                                                        g)                                                     h)                                                       i) 

Figure 1 – Structure of the samples after controlled air cooling, magnification × 487: 

a, b, c – type 1; d, e, f – type 2; g, h, I – type 3 

 

 

 

Structure of samples of type 1 and 2 become more pearlitic. 

Colonies of pearlite become finer and ferrire gaps thinner. This is 

because the cooling regimes lead to that pearlite transformations 

occurs at lower temperatures. Bainite structures were not found out. 

Structure changing of samples of type 3 (low carbon steel) is not so 

significant, but some ferrite grains shredding was signed. Numeric 

changing of average grain size is shown in table 3. 

 

Table 3. – Compilation of the samples average grain size before and 

after treatment 

No. Initial grain size, μm Grain after treatment, μm 

1 34.4 ± 9.6 6.3± 2.1 

2 20.2 ± 3.9 9.6 ± 3.3 

3 14.3 ± 5.2 26.0 ± 4.3 

Thus average grain size shredding in the samples are the next: 

 type 1 – 2.26 times 

 type 2 – 2.11 times 

 type 3 – 1.32 times 

 

It should be noticed that the average grain size shredding is almost 

proportional to the carbon content and inversely proportional to the 

samples mass. 

 

Measurement of hardness was also carried out. Some average 

hardness values increasing was shown. The degree of increase in 

hardness is different in different samples types and it is not in direct 

correlation with the average grain size shredding. Numeric 

changing of average hardness is shown in table 4. 

 

Table 4. – Compilation of the samples average hardness before and 

after treatment 

No. Initial hardness, HRB Hardness after treatment, HRB 

1 81.5 ± 3.6 89.0± 3.2 

2 81.1 ± 3.3 90.6 ± 1.9 

3 73.8 ± 1.1 78.9 ± 1.1 

 

 

405

INTERNATIONAL SCIENTIFIC JOURNAL "MACHINES. TECHNOLOGIES. MATERIALS." WEB ISSN 1314-507X; PRINT ISSN 1313-0226

YEAR XII, ISSUE 10, P.P. 402-406 (2018)



Average hardness increasing in the samples are the next: 

 type 1 – 1.09 times 

 type 2 – 1.11 times 

 type 3 – 1.07 times 

 

It was find out that increasing of the hardness depends not only of 

grain size shredding grade but also of Mn content. Thus higher Mn 

content in samples of type 2 leads to more significant hardness 

increasing in comparison with type 1. 

 

7. Conclusions/Заключение 
A laboratory controlled air cooling automatic device was 

constructed. It was used for developed cooling regimes for low and 

middle carbon steels investigation. The studied regimes showed 

significant refining of the steel structure which also becomes more 

pearlitic in middle carbon steel samples. Numerical structure 

characteristics were measured. The structure changing leads to 

hardness increasing. But this increasing is not in direct proportion to 

grain size shredding. Influence of Mn on hardness increasing in the 

developed controlled air cooling techniques was found out. The 

proposed technologies of controlled air cooling could be useful for 

the structure characteristics improvement of small metal products of 

middle carbon steels, especially with higher Mn content. But they 

are less effective for low carbon steels. 
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