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 In order to improve the performance and mechanical strength of metal parts, manufacturers 

often need to perform surface heat treatments on these parts. This work requires a lot of 

experience and prototyping. The objective of our research work is to develop a numerical 

calculation method using the principles of heat treatment to predict the desired mechanical 

characteristics and performance in metal parts without any prior experience. This will help 

manufacturers to reduce a lot of energy and material. The methodology of this work is 

based on heat transfer laws and heat treatment diagrams: Time-temperature transformation 

(TTT) and continuous cooling transformation (CCT). Depending on the heating time and 

the amount of energy applied to the surface of the metal part, we deduce the metallurgical 

structure and the hardness (HV) that will manifest itself after heating and cooling of this 

part. 
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1. INTRODUCTION 

 

The objective of our research work is to develop a numerical 

calculation method using the principles of heat treatment to 

predict the desired mechanical characteristics and 

performance in metal parts without any prior experience.  

This will help manufacturers to reduce a lot of energy and 

material, generally wasted in the manufacture of samples and 

the time allotted for experiment testing. 

Manufacturers of metal parts expend a lot of energy and 

materials to achieve a suitable metallurgical structure that 

allows this part to have good strength and a long service life in 

a mechanical system. So, the numerical prediction of this 

metallurgy will considerably reduce the cost of manufacturing 

mechanical parts. 

Heat treatments are a set of combined heating and cooling 

operations consisting of austenitization, quenching and 

tempering. 

The heat treatments do not apply to pure metals, but only to 

a few alloys for which an increase in yield strength and a 

decrease in brittleness are mainly sought. Heat treatments are 

applied mainly to XC steels and ZR alloy steels non-ferrous 

alloys. In general, heat treatments do not change the chemical 

composition of the alloy. A heat treatment generally allows: 

a. To improve the characteristics of the materials required for 

a given use, based on the following modifications: 

o Increase in breaking strength and elastic limit Rem, Re, 

A % by giving a better hold of the element. 

o Increased hardness, allowing parts to better withstand 

wear or shock. 

b. To regenerate a metal that has a coarse grain (refine the 

grains, homogenize the structure) case of materials that 

have undergone forging. 

c. To remove internal tensions (work hardening) of the front 

materials undergoes cold plastic deformation (stamping, 

flow-turning). Apart from the recrystallization annealing 

which eliminates work hardening. 

 

Industrial surface treatment can be provided by several 

techniques, among which we can mention: 

a. Chemical or electrolyte treatment. The most common is 

black chrome which is a deposit of a technical and 

decorative nature. Before depositing the final chromium 

layer, it is necessary for reasons of adhesion, to make a 

copper undercoat and a nickel underlay. 

b. Mechanical treatment, which consists of applying a local 

mechanical load by contact or impact. This treatment is 

responsible for a superficial hardening however the rest of 

the material remains elastic.  

c. Thermal treatments are metalurgically classified into two 

categories: 

o Treatments which consist in the transformation of 

austenite, mainly into martensite. 

o Treatments that lead to the formation of hardening 

precipitates, mainly carbides and carbonitrides. 
 

Currently laser technology is highly developed and finds 

high-level applications in many fields among which we can 

mention: modern medicine, the pharmaceutical industry and 

especially the manufacturing industry. This is due to the 

development of laser beam production devices from the point 

of view of power, precision and adjustment of the intensity 

distribution of focalized radiation on the surface of the 

material to be heated with a temperature adapted to the 
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technological processes selected in the case of surface heat 

treatment.    

The most commonly used process is the martensitic 

quenching process which is applied to carbon steels and cast 

irons. The application of the laser beam increases the surface 

temperature very rapidly (up to 1000℃/s), which transforms 

the surface layer into austenite. Rapid cooling caused by 

thermal conduction in the mass of the part, then leads to the 

martensitic transformation of the steel, generating a very fine 

microstructure of high hardness. It is important that the steel 

is in the appropriate conditions (quenched and tempered) and 

that the processing conditions are carefully selected. 

The main advantage of laser tempering is improved wear 

resistance. Therefore, abrasion wear is reduced to a great 

extent. Laser-cured surfaces have a higher hardness than the 

abrasive medium. Adhesion wear can also be influenced by a 

reduction in the coefficient of friction. In addition, laser 

quenching can improve surface fatigue characteristics through 

increased compressive stress, which shifts load capacity to a 

level higher than the applied wireless stress. 

The variation in the absorption coefficient of optical energy 

influences the quality of the results Altergott and Patel [1] and 

Zhang et al. [2].  

The surface finish mainly affects the absorption of the laser 

beam. Wisembach et al. [3]. 

Steel hardening is a fundamental process of metallurgy that 

improves mechanical characteristics [4-7].   

A new modification layer on the surface of ductile iron with 

a perlite-ferrite matrix was manufactured under irradiation of 

an Nd:YAG laser beam equipped with a self-designed 

diffractive optical element (DOE) that produces a two-

dimensional microhardness map of higher hardness [8]. 

During quenching alloying elements can also influence a 

steel's ability to absorb laser light. Each metal absorbs 

wavelengths in a different way [9].   

The importance of gear wheel design gives priority to 

scientific research in the heat treatment of gears. The aim was 

to increase the resistance to wear at the point of contact and 

bending at the foot of the tooth. In the literature, this treatment 

is found under the name contour type tempering [10]. 

Research carried out that specified LHT diagrams for 

different engineering materials in general. This diagram 

distinguishes the range of parameters of the laser beam and 

their effects in the surface layer of gray iron [11]. 

Simulation of different laser source models in welded 

material in the case of welding process simulations using 

solid-state and high-power diode lasers [12]. 

 

 

2. PHYSICAL MODEL 

 

 
 

Figure 1. Physical model 

 

The sample used in this work is an XC42 steel cylinder 

marked by six points in the surface to be treated and which are 

diametrically equidistant see Figure 1. 

On the upper surface of this cylinder, a heat flux with a 

Gaussian profile and variable over time is applied to a circular 

zone with a diameter smaller than the outer diameter of the 

cylinder. 

 

 

3. GEOMETRIC MODELING 

 

Depending on the high-density energy profile (Figure 2) 

concentrated in the center of the surface to be treated, we chose 

a non-regular mesh with a density that varies from 0.002 mm 

in the center to 0.005 mm at the edge of this surface. To have 

a better calculation accuracy with the finite element method, 

we chose a cubic geometric element with 8 nodes and an 

optimal time step of 0.1 seconds. 
 

 
 

Figure 2. Mesh 
 

 

4. THERMAL PROBLEM MODELING 

 

The sample used in this numerical calculation is a 

cylindrical part with diameter (d), height (l), total mass (m). 

The treated area (Γ) is limited by a radius (𝑅𝐿) of 40 mm. The 

numerical values of these geometric characteristics are defined 

in Table 1. 

The Vickers hardness (HV), calculated by Eqs. (15)-(17), of 

each solid phase that appears in the metallurgical composition 

at the end of the heat treatment of the sample, is highly 

dependent on the chemical composition of the material chosen 

for that sample. The composition of our sample (XC42) is 

defined in Table 2. 

 

Table 1. Sample geometry 
 

Quantity Value 

Diameter (d) [mm] 100 

Height (l) [mm] 30 

Mass (m) [kg] 0.463 

Radius of Heated surface (R𝐿) [mm] 40 

 

Table 2. Chemical composition 
 

XC42 STEEL 
C S Mn P Si 

0.37 0.035 0.50 0.035 0.40 

 

In our numerical calculation model, we have taken into 

account the evolution of the thermo-physical characteristics: 

conduction heat exchange coefficient (k), mass heat capacity 

(cp.) and the volume density (ρ) of the different solid phases: 

austenite (Aust) and ferrite (Ferr) of the material used, see 

Figures 3-5. 
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Figure 3. Thermal conductivity 

 

 
 

Figure 4. Thermal capacity 

 

 
 

Figure 5. Density 

 

 

5. MATHEMATICAL MODELING 

 

5.1 Thermal problem  
 

Knowing the heat flux 𝜑(𝑟, 𝜃, 𝑧, 𝑡) applied to the surface 

(Γ), The solution of this mathematical problem consists in the 

determination of the temperature 𝑇(𝑟, 𝜃, 𝑧, 𝑡) at any point of 

the sample and at each step of time.  

 

𝜌𝑐𝑝
𝜕𝑇(𝑟,𝜃,𝑧,𝑡)

𝜕𝑡
+ 𝑑𝑖𝑣 (−𝑘(𝑇). 𝑔𝑟𝑎𝑑⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  𝑇(𝑟, 𝜃, 𝑧, 𝑡)) = 0 in Ω (1) 

The boundary conditions used in this problem are: 

 

• The Application of Heat Flow 𝜑(𝑟, 𝜃, 𝑧, 𝑡)  by the laser on 

the treated surface (Γ): Fourier Equation:  

 

−𝑘(𝑇)
𝜕𝑇(𝑡,𝑟,𝜃,𝑧)

𝜕𝑛1
|
𝑧=𝑙

= 𝜑(𝑟, 𝜃, 𝑧, 𝑡) on Γ (2) 

 

• Natural convection cooling through the side surface (Σ) of 

the cylinder and the untreated top surface (S1). Newton’s 

Equation:  

 

−𝑘(𝑇)
𝜕𝑇(𝑡,𝑟,𝜃,𝑧)

𝜕𝑛2
|
𝑟=𝑅

= ℎ. (𝑇(𝑟, 𝜃, 𝑧, 𝑡) − 𝑇∞) on Σ (3) 

 

−𝑘(𝑇)
𝜕𝑇(𝑡,𝑟,𝜃,𝑧)

𝜕𝑛1
|
𝑟≥𝑅𝐿
𝑧=𝑙   

= ℎ. (𝑇(𝑟, 𝜃, 𝑧, 𝑡) − 𝑇∞) o𝑛 S1 (4) 

 

• The base surface of the cylinder, set on marble, assumed to 

be adiabatic. Newton's equation: 
 

−𝑘(𝑇)
𝜕𝑇(𝑡,𝑟,𝜃,𝑧)

𝜕𝑛3
|
 𝑧=0

= 0 on 𝑆2 (5) 

 

Initial condition: 

 

𝑇(𝑟, 𝜃, 𝑧, 𝑡) = 𝑇0 in Ω at 𝑡 = 0 (6) 

 

a) Metallurgical calculation 

 

Metallurgical calculation is developed by Maniana et al. [13] 

and Maniana et al. [14] in their work on solving the inverse 

problem during laser heat treatment. 

• Heating processing: (perlite and ferrite to austenite)  

 

With the concentrations of each element in %m. The second 

category corresponds to bainitic and ferritic/pearlitic 

transformations. This modeling is represented by the Johnson-

Mehl-Avrami-Kolmogorov equation (JMAK) [15]: 
 

𝑦𝑘 = 𝑦𝑚𝑎𝑥 𝑘 [1 − 𝑒−𝑏𝑘×𝑡𝑛𝑘
] (7) 

 

Perlite: k=1, ferrite: k=2, Austenite: k=3. 

𝑦𝑚𝑎𝑥 𝑘: Maximum fraction that can be transformed. 

𝑛𝑘 and 𝑏𝑘: Temperature-dependent parameters. 
 

𝑛𝑘(𝑇) =
𝑙𝑜𝑔[1 − 𝑦1]/𝑙𝑜𝑔[1 − 𝑦2]

𝑙𝑜𝑔(𝑡1/𝑡2)
 (8) 

 

𝑏𝑘(𝑇) =
𝑙𝑜𝑔[1 − 𝑦1]

𝑡1
𝑛𝑘

 (9) 

 

𝑡𝑘 : Time that corresponds to the processing level of the 

constituent. 

The austenite formation temperatures must be known to 

ensure complete homogenization during austenitization. It is 

possible to determine them by dilatometric tests, but prediction 

using Andrews' empirical formulas is a good estimate [16]: 
 

𝐴c1 = 723 − 10.7𝑀𝑛 − 16.9𝑁𝑖 + 29.1𝑆𝑖 + 16.9𝐶𝑟 + 

290𝐴𝑠 + 638𝑊 
(10) 

 

𝐴c3 = 910 − 203√𝐶 − 15.2𝑁𝑖 + 44.7𝑆𝑖 + 104𝑉 + 

31.5𝑀𝑜 + 13.1𝑊 
(11) 
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• Cooling transformation: (Austenite to martensite or 

Bainite). 

Modelling transformations during cooling after 

austenitization is divided into two categories: Transformation 

by displacement or transformation by diffusion. The first 

corresponds only to the martensite which is described by the 

equation of (K-M) [17]. 

 

𝑦𝑘 = 𝑦𝑚𝑎𝑥 𝑘[1 − 𝑒−𝐴𝑚(𝑀𝑠−𝑇)] (12) 

 

𝐴𝑚: Koistinen coefficient. 

𝑀𝑠: Martensitic transformation start temperature. 

𝑇: Running temperature. 

The Ms is the temperature at which the martensitic 

transformation begins and T is the temperature at which the 

martensite fraction wants to be calculated. The temperature at 

the beginning of the martensitic transformation is calculated 

using empirical equations, such as Andrews' corrected [18, 19]: 

 

𝑀𝑠 (°𝐶) = 500 − 300𝐶 − 33𝑀𝑛 – 17𝑁𝑖 – 22𝐶𝑟 − 

11𝑆𝑖 – 11𝑀o 
(13) 

 

With the concentrations of each element in %m.  

One of the equations used to calculate the temperature at the 

beginning of bainite formation is given by Steven-Haynes [20]: 

 

𝐵𝑠 (°𝐶) = 830 − 270𝐶 − 90𝑀𝑛 − 37𝑁𝑖 − 70𝐶𝑟 − 

83𝑀𝑜 
(14) 

 

b) Hardness prediction  

 

Hardness is a good characteristic of the microstructure of an 

alloy it is interesting to be able to model this property to 

anticipate transformations during heat treatment. Among the 

models that allow a prediction of hardness is the equation of 

Maynier et al. [21] allowing the hardness to be calculated as a 

function of composition: 

 

𝐻𝑉𝑀  =  127 +  949𝐶% + 27𝑆𝑖% + 8𝑁𝑖% +
16𝐶𝑟% + 21𝑙𝑜𝑔(𝑉𝑟)  

(15) 

 

𝐻𝑉𝐵 = −323 +  185𝐶% +  330𝑆𝑖% +  135𝑀𝑛% 
+ 65𝑁𝑖% +  144𝐶𝑟% 
+  191𝑀𝑜% + (89 + 53𝐶
− 55𝑆𝑖 +  22𝑀𝑛  −  10𝑁𝑖 
−  20𝐶𝑟 −  33𝑀𝑜)𝑙𝑜𝑔(𝑉𝑟) 

(16) 

 

𝐻𝑉𝐹/𝑃  =  42 + 223𝐶% +  533𝑆𝑖% + 30𝑀𝑛% 

+ 12.6𝑁𝑖% + (10 −  19𝑆𝑖 + 4𝑁𝑖 
+ 8𝐶𝑟 +  130𝑉)𝑙𝑜𝑔(𝑉𝑟) 

(17) 

 

where, HVM, HVB and HVF/P are the hardness of martensite, 

bainite and ferrite/perlite respectively. Vr is the cooling rate 

in ℃/h. 

The mixing law makes it possible to calculate the total 

hardness of an alloy comprising all these phases by the 

following relation: 

 

𝐻𝑉𝑇𝑜𝑡 = (𝑦
𝐹
+ 𝑦

𝑃
)𝐻𝑉𝐹/𝑃 + 𝑦

𝐵
𝐻𝑉𝐵 + 𝑦

𝑀
𝐻𝑉𝑀 (18) 

 

All of these mathematical models described in this 

paragraph are organized as calculation modules and are 

represented in the flowchart in Figure 6. 

 
 

Figure 6. Flowchart of the digital method 

 

 

6. RESULT 

 

The determination of the mechanical characteristic of 

Vickers hardness is done according to the flowchart in Figure 

6. 

The numerical solution of the heat transfer equation (Eq. (1)) 

by a thermal module allowed us to know the temperature 

distribution over the entire computational domain (Ω) that we 

used to plot the evolution of temperature as a function of time 

at five points P0-P5.  

 

 
 

Figure 7. Temperature at six different points 

 

These numerical results allowed us to deduce the maximum 

temperature reached, the heating rate and the cooling rate at 

each point of (Ω), by introducing these latter parameters into 

two modules, the heating and cooling modules, defined on 

metallurgical models based on Eqs. (7)-(14). These last 

modules will allow us to calculate the fractions of solid phases 

(Figures 7 and 8) that can be formed in the material after 

heating and cooling. Finally, another modulus of hardness 

using these fractions can tell us about the Vickers hardness 
(HV) at each point of the material, see Figures 9 and 10. 
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Figure 8. Evolution of the proportion of phases versus time 

at point P0 

 

 
 

Figure 9. Evolution of the proportion of phases versus radius 

 

 
 

Figure 10. Evolution of the hardness versus cooling rate 

 

In Figure 11 we have represented the evolution of the 

heating flow applied in this case of treatment respectively as a 

function of radius and versus time. 

Figure 12 shows the distribution density of the heat flux 

applied to the treated surface of the sample. 

Figure 13 shows the distribution of temperature after 

cooling. 

Figure 7 shows the evolution over time of the surface 

temperatures taken at six points (numbered from P0 to P5) 

uniformly distributed over the radius of the upper face of the 

cylinder. 

 

 
 

Figure 11. Distribution of flow versus space end time 

 

 
 

Figure 12. Distribution of applied flow density 

 

 
 

Figure 13. Distribution of temperature after cooling 

 

In Figure 9 we have represented the distribution of the rates 

of the solid phases according to the radius of the surface 

treated, on the other hand Figure 10 represents the evolution 

of this rate according to the depth of this surface. 

By using the mixing law and knowing the proportions of the 

solid phases at each point of the radius, this allowed us to 
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estimate the total hardness at any point in the radial direction, 

see Figure 14. 

Hardness is a mechanical characteristic that has a very high 

bearing in the mechanical resistance to surface friction and 

penetration. 

 

 
 

Figure 14. Evolution of the hardness versus radius 

 

 

7. CONCLUSION  

 

This numerical simulation allowed us to know the 

temperature mapping at all points of the sample and in 

particular its distribution in the treatment surface figure 10. It 

also allowed us to predict the metallurgical structure in the 

treatment area Figures 9, 10 and 14.  

The heat treatment of metal surfaces improves the quality 

of mechanical characteristics, among which there is hardness 

which plays an important role in resistance to wear and 

deformation. To improve the latter, it is necessary to choose 

an adequate heat treatment cycle with the desired results. This 

calculation code makes it possible to numerically simulate the 

heat treatment operation before carrying out the experiment.  

This saves a lot of energy and the material generally wasted 

in experimentation which reduces the cost of realization of 

mechanical parts by guaranteeing better quality / price. 

This numerical method is of great importance in the heat 

treatment of solid-state phase transformation materials, it 

allows us to know the hardness at any point of the sample that 

is impossible to achieve by direct measurement. 
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NOMENCLATURE 

∅ Heat flow (W) 

𝜑 Surface heat flow (W.m-2) 

𝑘 Conductivity (W.m-1.K-1) 

𝜌 Density (kg.m-3) 

𝑐𝑝 Mass calorific capacity (mass heat) (J.kg-1.K-1) 

ℎ Convection coefficient (W.m-2.K-1) 

HV Vickers Hardness 

𝑡 Time (s) 

𝑡𝑓 final time (s) 

R Radius (m) 

RL Radius of the treated surface 

𝑆 Surface (m²) 

𝑇 Temperature (°C) 
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