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ABSTRACT  
Experimentally, it was found that if a second metal component is added to the technological backfill during 
thermal diffusion chromium plating or if the inert separating additive of corundum is replaced by minerals-solid 
electrolytes, a current appears in the technological backfill directed to the saturable part. The appearance of an 
electric field is due to the emission of electrons (metal components of the filling) and oxygen anions (solid oxide 
electrolytes). It is determined that the emission flux makes a contribution to the saturation process that is 
commensurate with the diffusion flux formed according to Fick's laws. Experiments show an acceleration of 
diffusion processes and an increase in the depth of the diffusion layer of chromium by 2–2.5 times. 
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Introduction 

To protect the surface of parts of pipeline structures from external factors, to give them 

corrosion resistance, high hardness and wear resistance, the technology of thermal 

diffusion chromium plating has been used for many years [1–7]. This technology consists 

in heating parts in a sealed container with filling from a mixture of powders: chromium 

(ferrochromium), corundum and activators NH4Cl, NH4I at a temperature of 900–1000 °C. 

In the process of holding at the heating temperature, the formation of chromium halides 

occurs, their deposition on the surface of the part, decomposition and subsequent 

diffusion of atomic chromium into the metal of the part with the formation of a diffusion 

layer. The layer depth depends on the temperature, the duration of the process, and the 

carbon content in the steel [2,8–16]. 

Attempts to improve the traditional technology of thermal diffusion chromium 

plating consisted mainly in carrying out two or more component saturation with boron, 

vanadium and manganese, molybdenum [1,17–23]. In our work on joint chromium plating 

with tungsten and nickel, it was found that, in addition to increasing hardness, the 

introduction of the second component increases the depth of chromium diffusion on the 

metal surface. Thus, during thermal diffusion chromium plating of steel 35Kh2N3 at a 

temperature of 1000 °C for 24 hours without additional addition to the technological 

mixture, the depth of the diffusion layer was 30 μm [24], with joint saturation with nickel 

under the same conditions – 40 μm [25], with the introduction tungsten powder, the 

chromium diffusion depth was 55 μm [26]. From the point of view of only the 

concentration theory of diffusion, described by Fick's laws, it is impossible to explain the 

increase in the diffusion layer by 1.52 times at constant temperature-time parameters of 

http://dx.doi.org/10.18149/MPM.5232024_14
https://orcid.org/0000-0001-8339-8293


155  N.А. Shaburova 

 

the process. At the same time, tungsten is known as an emissive electronics material used 

to make cathodes. The emission of electrons by tungsten occurs regardless of whether 

the tungsten sample is heated by passing current or by heat flows from another source. 

It has been suggested that the acceleration of chromium diffusion may be due to the 

electron flux emitted by the tungsten particles. Since iron and steel are always positive 

electrodes [27], it is obvious that, firstly, the resulting emission flux of negatively charged 

particles must be directed to the saturating part, and secondly, this flux must lead to the 

appearance of an electric current in the saturating mixture. 

In developing the idea of the appearance of an emission current in a saturating 

mixture, it became necessary to determine the possibility of using not only metal 

components as emitter additives, but also oxides, which can play two roles - to be a 

separator for metal particles of the saturating element powder and to create an additional 

thermionic flow that promotes acceleration diffusion. It is known, for example, that solid 

electrolytes of the ZrO2 + 10 % Y2O3 type are most widely used in metallurgy. A distinctive 

feature of these substances is 100 % anionic conductivity O2-. Taking into account this 

feature of solid electrolytes, the possibility of using oxide additives in chemical-thermal 

treatment is considered for the first time. 

The purpose of this work is to determine the electrical characteristics of metal- and 

oxide-containing saturating mixtures and to establish their relationship with the depth 

of the emerging diffusion layer. 

 

Methods 

To measure the current arising in the technological backfill, an installation was designed 

(Fig. 1). The main element of the installation is a cell - a cylindrical corundum crucible with 

a diameter of 30 mm and a height of 80 mm. Two iron wire electrodes 1.4 mm in diameter 

were placed in the crucible. A sample of 35Kh2N3 steel 25 × 10 × 8 mm in size was welded 

to one electrode. The distance between the electrodes in the cell was maintained at 18 mm 

in all experiments. The technological mixture filled the volume with the cell by 80 % and 

was covered with asbestos cardboard. Further, a mixture of silicocalcium was covered with 

a layer of 6-8 mm, then, after a layer of asbestos, graphite powder, which was again covered 

with asbestos. To exclude a short circuit in the layer of corundum with graphite, the 

electrodes were insulated with corundum tubes. The electric circuit current was measured 

in cells with metal and oxide emitters added to saturating mixtures. The compositions of 

the investigated technological fillings are given in Table 1. 

The electrical measuring cells were placed on a pallet, 2 pieces each, and placed in 

a Nabertherm 41/H chamber furnace. To measure the current that occurs during heating 

in the circuit │electrode 1 → saturating mixture → electrode 2│, the electrode leads 

were connected to an APPA-207 digital multimeter. The furnace was heated up to 

1050 °C. The furnace heating program was set in such a way that heating to 500 °C was 

carried out continuously, then every 50 °C a 10-minute exposure was made to measure 

the current in the circuit. The temperature in the furnace was controlled using a platinum 

exemplary thermocouple. 
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Fig. 1. Scheme of the measuring cell for studying the electric field formed during chemical-thermal 

treatment: 1 – cell body; 2 - electrodes; 3 - technological backfill; 4 - asbestos sheet; 5 – silicocalcium 

powder; 6 – graphite powder; 7 - insulating corundum tubes; 8 - digital multimeter 

 
Table 1. Compositions of saturating mixtures 

No.  

of the 

mixture 

Main saturating 

component 

Additive to the saturating 

mixture 

Corundum, 

(powder, 

fraction 

140 μm), 

wt. %  

NH4Cl, 

(powder, 

fraction  

0.5–2.0 mm), 

wt. % 

Chromium, (powder, 

fraction 150 μm), wt. % 
Type of additive Mass. % 

1 50 - - 50 4 

2 40 W (150 мкм) 10 50 4 

3 40 Ni (150 мкм) 10 50 4 

4 45 CaWO4 15 40 4 

5 45 MgO 15 40 4 

6 45 MgO+2CaO·SiO2 5+10 40 4 

7 45 WO3+2CaO·SiO2 5+10 40 4 

8 45 2CaO·SiO2 15 40 4 

9 45 Y2O3 15 40 4 

 

After complete cooling, the samples were removed from the saturating mixture, a 

fragment 10x8x8 mm in size was cut off from each sample to make transverse 

microsections. Then, the transverse sections of the samples were examined using a Jeol 

JSM 6460LV electron microscope equipped with an Oxford Instruments X-ray 

microanalysis (XMS) attachment. By point MRS analysis in the direction from the surface 

to the center of the section of the part, the composition of the diffusion layer was studied, 

and the depth of chromium diffusion was determined. 

 

Results and Discussion 

The results of measuring the magnitude of the thermionic current that occurs in the filling 

with two iron electrodes at 1000 °C between the cells with the addition of metal and 

oxide electron emitters in technological fillings are shown in Fig. 2. It can be seen that 

without the supply of additional electricity from the outside, electric fields appear in the 

cell, due to the composition of the technological mixture and temperature. 
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The magnitude of the emerging thermionic field for both metal and oxide additives 

varies greatly (Fig. 2). In contrast to all other systems under study, CaWO4 emission begins 

at 500 °C and grows dynamically, reaching a maximum of 0.65 mA at 850 °C. For metal 

additives (W, Ni) and most oxide additives, a noticeable emission of charged particles 

begins at temperatures up to 800 °C. The strength of the resulting current when using 

metal additives is 0.14 and 0.21 mA, respectively, for Ni and W. MgO + 2CaO SiO2 and 

2CaO SiO2 can be isolated from oxide additives, providing a thermionic current of 0.05 

and 0.30 mA, respectively. In mixtures with other oxide additives, the current strength 

does not exceed 0.003 mA. 

 

 
 

 

Fig. 2. Values of current strength in backfills  

 

To establish the relationship between the magnitude of the emerging thermionic 

current and the depth of chromium diffusion, transverse sections of the electrode sample 

were studied. 

The results of measuring the diffusion depth of chromium after 1 hour of exposure 

at 1000 °C from the strength of the emission current arising in the backfill are shown in 

Fig. 3. According to the data obtained, with an increase in the values of the emission 

current arising in the backfill, the depth of chromium diffusion also increases. 

In the process of diffusion saturation of parts, refractory metals are a source of 

electrons. Oxides and their compounds are a source of oxygen anions. The mixed flow of 

electrons and oxygen anions is the field involved in the saturation of the surface of the 

parts with metal, which in atomic form moves to the surface of the workpieces. On the 

surface of the parts, the atoms of the diffusing substance move to the surface layer, which 

is described by Fick's 1st law [28,29]: 

𝐽𝑘 = −𝐷
𝑑𝑐

𝑑𝑥
=

∆𝐺𝑘

𝑆∙∆𝜏
,                            (1) 

where 𝐽𝑘 is the amount of diffusing substance k that passes per unit of time through a 

section of a unit area located at a right angle to the direction of the diffusion flow, 
kg

m2∙sec
; 
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𝑑𝑐

𝑑𝑥
 is the concentration gradient k; 𝐷 is the diffusion coefficient (m2/sec); ∆𝐺𝑘 is an amount 

of substance, kg; ∆𝜏 is time, sec; S is square, m2. 

 

 
 

Fig. 3. Dependence of the chromium diffusion depth on the thermionic current 

 

Since the minus sign in Fick's first law only indicates the direction of mass transfer, 

the amount of the transferred substance can be determined: 

∆𝐺𝑘 = |−𝐷
𝑑𝑐

𝑑𝑥
| ∙  𝑆 ∙ ∆𝜏.                       (2) 

The calculation of the diffusion coefficient D is presented in [30] and can be 

automated. Thus, all factors of Eq. (1) are definable and the amount of substance 

transferred by the concentration field is calculable. 

It is more difficult to determine the participation of the emission field of oxygen 

anions created by the ceramic material of the technological mixture, and its share in the 

transfer of metal in the process of chemical-thermal treatment. As shown above, the 

strength of the resulting current is determined by the composition of the ceramic part of 

the backfill at a constant weight ratio (55–60 wt. % ceramics; 45–40 wt. % chromium). 

An analysis of the experimental results (Fig. 1) allows us to conclude that a solid powder 

mixture of metal and ceramic phases deposits a chromium layer on the sample surface in 

proportion to the passed electricity. What can be considered an application of Faraday's 

law for powdered electrolytes: 

𝐺𝑘 = 𝑧 ∙ 𝑄,               (3) 

where 𝐺𝑘 is a mass of settled substance k, released on the electrode, kg;  

z is an electrochemical equivalent, kg/(A·h); Q is an amount of electricity passed (Q = I τ); 

I is a direct current passing through the phase boundary, A; τ is the duration of the passage 

of current, hour. That is, from Eq. (3): 

𝐺𝑘 = 𝑧 ∙ 𝐼 ∙ 𝜏.                         (4) 

The electrochemical equivalent z is the amount of substance that reacted as a result 

of the flow of a unit amount of electricity. The equation for calculating the 

electrochemical equivalent is as follows: 

𝑧 =
𝑀

𝑛∙𝐹
 ,               (5) 
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where M is the molar mass of the reagent; n is the valency of the diffusing substance;  

F is the Faraday number or constant, F = 96486 ≈ 96500 C/mol. 

Using Eqs. (4) and (5) it is possible to determine the final equation for Faraday's law 

in powder electrolytes:  

𝐺𝑘 =
𝑀

𝑛∙𝐹
∙ 𝐼 ∙ 𝜏                         (6) 

Thus, taking into account the fact that in one technological process the diffusing 

element is transferred to the surface of samples (parts) in different fields, using Eqs. (2) 

and (6) we can write the general equation for the transfer of matter in the process of 

diffusion metallization: 

∑ 𝐺𝑘 = |−𝐷
𝑑𝑐

𝑑𝑥
∙  𝑆 ∙ ∆𝜏| +

𝑀

𝑛∙𝐹
∙ 𝑄 ∙ 𝐼 ∙ 𝜏.                     (7) 

The resulting equation corresponds to the postulates of K. Wagner about the 

independence of the transfer of particles from the conditions [29] from the concentration 

and electric emission fields. 

 

Conclusions 

1. The formation of emission fields due to the release of electrons from metals and 

oxygen anions from amorphous solid electrolytes in technological fillings during thermal 

diffusion chromium plating has been proved; 

2. A quantitative assessment of the participation of electric emission fields and 

concentration fields in saturation processes was carried out; 

3. The possibility of accelerating the process of chromium diffusion during thermal 

diffusion saturation of steel parts by introducing additives-emitters of electrons or O2- 

anions into the saturating mixture has been proved; 

4. It has been determined that the most promising and cost-effective emitter additives 

are oxide additives 2CaO·SiO2, CaWO4, which can partially or completely replace inert 

refractories in the filling. 
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