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Abstract. The article presents the calculations of diffusion indices of saturation of high-strength 
cast iron VCh 60 from powder filling. Carbide-forming elements were used as diffusers: vanadium, 
chromium and manganese. As a result of the research, empirical equations have been established 
for predicting the thickness of strengthening diffusion coatings depending on the temperature and 
saturation time. 
Introduction 
Methods of chemical-thermal treatment are the most promising methods for hardening the surface 
of products made of high-strength cast iron. Methods of diffusion metallization are widely used 
among them [1, 2, 3, 4]. Diffusion metallization restores parts with low wear, high surface hardness 
and working under conditions of friction with a variety of mating materials [5]. The diffusion 
metallization process is most widely used for parts of diesel fuel equipment. It is used for parts 
with fixed joint seating surfaces and which are characterized by low wear. For example, shafts, 
bearing cups of gearboxes, rear axles, gearboxes and others. Diffusion metallization is also used 
in movable joints, such as rocker shafts, idler shafts, water and oil pump shafts, and others. 

Diffusion metallization repairs cast iron parts with wear within the coating thickness using 
pastes and coatings [6, 7]. Their composition is identical to the powder reaction mixture containing 
diffusing components.  
Materials and methods  
For the thermal diffusion hardening of specimens of high-strength cast iron VCh 60, the following 
components were taken from the powder medium [8, 9]: 

1. Ferrovanadium with a vanadium content of at least 50% by weight; 
2. Ferromanganese with an average manganese content of 88% by weight; 
3. High-carbon ferrochrome with a chromium content of more than 65%, carbon, respectively 

8-8.5% and silicon not more than 2%; 
4. Aluminum oxide; 
5. Ammonium chloride. 
These ferroalloys are widely used in the metallurgical industry for alloying cast iron [10, 11, 

12]. Ammonium chloride is an activator. It has a low temperature of thermal dissociation (3500С), 
as a result of which ammonia and hydrogen chloride are formed. Hydrogen chloride reacts with 
the main diffusers in the charge to form chlorides and subchlorides, which are directly involved in 
diffusion saturation. Ammonia thermodissociates with the formation of hydrogen and nitrogen at 
temperatures of 450-500 0С. Aluminum oxide is highly refractory and inert to most reagents in 
direct contact with it at high temperatures. Therefore, it is used as an inert filler.  
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The preparation of charge materials was carried out in the following sequence. Crushed into 
powder ferroalloys were sieved through a sieve with a mesh size of 1 mm. In the beginning, all the 
components used were heated. Aluminum oxide was heated for one hour at a temperature of 700 
0С. Ammonium chloride was heated for 2 hours at a temperature of 200 0С. 

The initial components of the mixture were weighed with an accuracy of 0.5 %, mixed until 
homogeneous and poured into an airtight container before use. Thermal diffusion saturation was 
carried out in a muffle furnace using a container with a fusible seal. Samples of high-strength cast 
iron VCh 60 were placed in a furnace and covered with a powder reaction mixture. Then the 
container was packed. The saturation temperature was 1020-1050 0С. The saturation time was 5-
6 hours for vanadium coatings and 10-12 hours for chrome and manganese coatings. 

Changes in the overall dimensions of the samples were carried out using a scanning electron 
microscope after chemical thermal treatment [13]. 
Results and discussion 
Based on the first law of diffusion, the thickness of the diffusion layer 𝛿𝛿 at a constant saturation 
concentration is 

𝛿𝛿 = 𝐾𝐾√𝐷𝐷𝐷𝐷, (1) 

where 𝐾𝐾  is coefficient depending on the type and conditions of saturation; 𝐷𝐷  is diffusion 
coefficient; 𝐷𝐷 is saturation time.  

Taking into account the temperature dependence of the diffusion coefficient 𝐷𝐷, we have 

𝛿𝛿2 = 𝐾𝐾2𝐷𝐷𝐷𝐷0𝑒𝑒−𝐸𝐸/𝑅𝑅𝑅𝑅, (2) 

where 𝐸𝐸 is diffusion activation energy; 𝑅𝑅 is gas constant; 𝑇𝑇 is absolute temperature; 𝐷𝐷0  is pre-
exponential factor.  

At a constant temperature 𝑇𝑇 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, the thickness of the diffusion coating 𝛿𝛿 depends only on 
the time of the saturation process 𝐷𝐷 . We introduced the designation 2𝑝𝑝 = 𝐾𝐾2𝐷𝐷0𝑒𝑒−𝐸𝐸/𝑅𝑅𝑅𝑅  and 
received 𝛿𝛿2 = 2𝑝𝑝𝐷𝐷. 

We have built graphical dependences 𝛿𝛿2 = 𝑓𝑓(𝐷𝐷) of the thickness of the diffusion layer on the 
saturation time (Figure 1). Then the quantity 2p is the tangent of the slope of the straight lines. The 
calculation results are presented in Table 1. 

 
a)     b)     c) 

Fig. 1. Dependence 𝛿𝛿2 on the saturation time 𝐷𝐷 of VCh 60 cast iron (a) with vanadium, (b) 
chromium (c), manganese at a temperature of (1) 1050 0С and (2) 960 0С  
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Table 1. Calculation results 2𝑝𝑝 

Diffusing element Temperature [0С]/ [К] 1/𝑇𝑇 ∙ 10−3 2𝑝𝑝∙10-4 𝑙𝑙𝑐𝑐 (2𝑝𝑝) 

Vanadium 960/1233 
1050/1323 

0.811 
0.756 

2.90 
4.86 

-8.14 
-7.63 

Chromium 960/1233 
1050/1323 

0.811 
0.756 

1.02 
2.51 

-9.19 
-8,29 

Manganese 960/1233 
1050/1323 

0.811 
0.756 

0.94 
2.46 

-9.32 
-8.33 

 
After taking the logarithm, we got 

𝑙𝑙𝑐𝑐 (2𝑝𝑝) = 𝑙𝑙𝑐𝑐(𝐾𝐾2𝐷𝐷0) − 𝐸𝐸/𝑅𝑅𝑇𝑇 (3) 

At 𝑇𝑇 = ∞ or 1/𝑇𝑇 = 0 equation (3) takes the form 

𝑙𝑙𝑐𝑐 (2𝑝𝑝) = 𝑙𝑙𝑐𝑐(𝐾𝐾2𝐷𝐷0)  (4) 

We have built a graph 𝑙𝑙𝑐𝑐 (2𝑝𝑝) = 𝑓𝑓(1/𝑇𝑇) (Figure 2). 

 
Fig. 2. Dependence 𝑙𝑙𝑐𝑐 (2𝑝𝑝) = 𝑓𝑓(1/𝑇𝑇) 

The coordinates of the points of intersection of straight lines with the 𝑙𝑙𝑐𝑐 (2𝑝𝑝) axis are obtained 
on the basis of the equation of a straight line passing through two points with known coordinates 

(𝑥𝑥−𝑥𝑥1)
(𝑥𝑥2−𝑥𝑥1) = (𝑦𝑦−𝑦𝑦1)

(𝑦𝑦2−𝑦𝑦1).  (5) 

Equation (3) implied 

𝑙𝑙𝑐𝑐(𝐾𝐾2𝐷𝐷0) −  𝑙𝑙𝑐𝑐(2𝑝𝑝) = 𝐸𝐸/𝑅𝑅𝑇𝑇 (6) 

From Figure 2, taking into account 𝑙𝑙𝑐𝑐 (2𝑝𝑝) = 𝑓𝑓(1/𝑇𝑇) was follows 𝑐𝑐𝑡𝑡𝑡𝑡 = 𝐸𝐸
𝑅𝑅𝑅𝑅

1
𝑅𝑅
� = 𝐸𝐸

𝑅𝑅
. Then we 

got 

𝐸𝐸 = 𝑅𝑅𝑐𝑐𝑡𝑡𝑡𝑡  (7) 



Modern Trends in Manufacturing Technologies and Equipment  Materials Research Forum LLC 
Materials Research Proceedings 21 (2022) 51-55  https://doi.org/10.21741/9781644901755-9 

 

 

 54 

Substitute equation (7) into equation (8) and obtain 

𝑐𝑐𝑡𝑡𝑡𝑡 = (𝑙𝑙𝑐𝑐𝐾𝐾2𝐷𝐷0 − 𝑙𝑙𝑐𝑐2𝑝𝑝)𝑇𝑇. (8) 

The found values of 𝑙𝑙𝑐𝑐(𝐾𝐾2𝐷𝐷0) and 𝑙𝑙𝑐𝑐(2𝑝𝑝) were substituted into equation (9) and found the 
values of 𝑐𝑐𝑡𝑡𝑡𝑡 and 𝐸𝐸 for the corresponding temperatures (Table 2). 

Table 2. Calculation results of 𝑐𝑐𝑡𝑡𝑡𝑡 and 𝐸𝐸 

Saturated element Equation of a straight line 𝑙𝑙𝑐𝑐(𝐾𝐾2𝐷𝐷0) 𝑐𝑐𝑡𝑡𝑡𝑡 𝐸𝐸 [J/mol] 

Vanadium 𝑦𝑦 = −9.27 ∙ 103х − 0.62 -0.62 9 274.23 77 106 

Chromium 𝑦𝑦 = −16.36 ∙ 103х + 4.08 4.08 16 365.5 136 059 

Manganese 𝑦𝑦 =  −18 ∙ 103х + 5.28 5.28 18 006.1 149 702 
 

The calculated values of the activation energy of diffusion 𝐸𝐸 made it possible to obtain an 
empirical formula for the dependence of the thickness of the diffusion layer δ on the temperature 
𝑇𝑇 and the time of diffusion saturation 𝐷𝐷. 

To determine the unknown values of 𝐾𝐾2𝐷𝐷0, experimental values of δ (μm) were substituted into 
formulas (2) at the corresponding values of temperature 𝑇𝑇 [K] and time τ [sec] 

𝛿𝛿2 = 192.3𝐷𝐷𝑒𝑒−9274/𝑅𝑅 is empirical equation for vanadium coating; 

𝛿𝛿2 = 20161.0𝐷𝐷𝑒𝑒−16365/𝑅𝑅 is empirical equation for chrome plating; 

𝛿𝛿2 = 73529.1𝐷𝐷𝑒𝑒−18006/𝑅𝑅 is empirical equation for manganese coatings. 

Thermal diffusion saturation of iron-carbon alloys with carbide-forming elements is 
characterized by an increase in the linear dimensions of products due to carbide formation. The 
increment of linear dimensions in cast iron is close to the thickness of the formed carbide layer. 

Only a slight diffusion of vanadium, chromium and manganese into cast iron is possible at the 
initial moment of saturation, when the concentration of diffusant condensed on the surface to be 
hardened has not reached the stoichiometric value for the formation of carbides. However, the 
concentration of the strengthening components is low. In the vanadium process of gray cast iron, 
the concentration of vanadium diffusing deep into the part at the boundary with the cast iron base 
does not exceed 10% by weight. After reaching the stoichiometry of carbide formation, the 
diffusion mobility of vanadium, chromium, and manganese atoms is lost and the diffusion front 
shifts towards an increase in the size of the part, since the settling diffusant is bound into carbides 
due to the diffusion of carbon from the central layers. The counter diffusion of carbon significantly 
exceeds the diffusion fluxes of vanadium, chromium, and manganese. Therefore, the study of the 
kinetics of thermal diffusion vanadium, chromium plating, and manganization must be estimated 
from the diffusion mobility of the counter flow of carbon through the created carbide layer to the 
diffusion (reaction) front. 
Conclusion 
The obtained empirical regularities of the thickness of diffusion vanadium, chromium and 
manganese coatings make it possible to predict the thickness of the created diffusion layers under 
given saturation conditions and using the appropriate type and concentration of reagents according 
to the known control parameters - saturation temperature and time. 
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