
MECHANICAL PROPERTIES OF STEELS WITH DIFFUSIONAL ZINC COATING 
OBTAINED BY NANOGALVANIZING PROCESS 

 
 

Galin R.1, Zakharievich D.2, Yankov E.3,. Fisckuchev S.4, Semenov V.5 
 

1 Chief LLC "Vika Gal, Russia, Chelyabinsk 
2 "Chelyabinsk State University", Russia, Chelyabinsk 

3 University of Ruse, Dept. Material Science and Technology, Ruse, 8 Studentska Str., Bulgaria 
4 Chief Termoserviz OOD, Ruse, Bulgaria 
5 Institute of Strategic Studies, Ufa, Russia 

 
 

Abstract: Investigations of wear resistance and tensile strength of steel products with diffusional zinc coating obtained in zinc powders 
with a nanocrystallized surface of powder particles were carried out. The effect of the structural state of the coating on the wear resistance 
and adhesive grasping with a steel counterbody was established. The prospects of the nanogalvanizing process to improve the strength of 
steel products are shown. 

The development of technologies in modern machine building aims at improving the mechanical and technological properties of the 
materials. The present study presents an improvement in the mechanical properties of low carbon steels by thermoffusion coatings with 
nanofibers obtained under different heat treatment regimes. Depending on the type of heat treatment and the size of the zinc particles, 
different gradient layers can be obtained in depth. This of course reflects positively on the chemical resistance of the material. In addition, 
it positively affects the mechanical properties of the material by increasing mechanical strength and technological properties by improving 
the resistance to plastic deformation. With these first studies, there is an impetus for another look to improve the properties of low-carbon 
steels that are widely applicable in the field of machine building. 
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1. Introduction 
 

Wide application in mechanical and precision engineering 
is found in low-carbon steels. In spite of many research and 
knowledge, solutions are sought to improve their technological 
and mechanical properties [1, 2, 3]. Technologies have been 
developing at an intensive tempus in recent years, enabling 
materials to be improved and chemical properties guaranteed. 
This reflects on the price of the product, and different quality 
grades are sold on the market. Nonetheless, non-standard 
solutions are sought for the improvement of some technological 
parameters through additional technological processes - 
thermal treatment, plastic processing, coating or their 
combination. The present study aims to improve the mechanical 
properties of low-carbon steels by thermoffusion coatings with 
nanoparticles obtained under certain heat treatment regimes. 
This treatment will improve the chemical resistance of the 
material and its technological workability in the deformation 
process with reduced frictional forces. 

 
 
 
 
2. Experimental procedure 
 

For the purpose of the study, three modes of 
thermodiffusion galvanizing on low-carbon steel were 
performed (Table 1). The first mode is heated to a temperature 
of 430 °C and a retention time of 15 minutes (Figure 1). At the 
same time, it is covered with a surface of zinc dust. In the 
process, the samples are cooled by sneaking to 150 °C and then 
to air. In the second mode, the heating temperature is lower and 
does not exceed 340 °C and retention for 15 minutes. Then the 
temperature rises to 370 °C over a retention time of 15 minutes, 
at the end of the mode, the samples are cooled down to 150 °C 
and then to air. 

 
 
 

Table 1. Chemical composition of carbon steel of ordinary 
quality 

Steel 
brand 

Content of the elements % 
C Mn Si F S Cr Ni Cu 

Steel 1 0.08 0.35 0.031 0.035 0.012 0.17 0.21 0.26 
 

 
Fig.1. Temperature regimes of processing 

 
The third processing mode in the initial stage coincides with 

mode 1 i.e. heating to 430 °C and holding for 15 minutes, after 
which the relaxation mode was realized at 400 °C for 15 
minutes. At the end of the mode, the samples are kept in the 
heat chamber to a temperature of 150 °C, and then cooled to a 
sigh. 
 

For the determination of the mechanical properties of one-
dimensional uniform tension before and after thermodiffusion 
galvanizing of the steel, three test pieces of each mode 
according to the standard BDS EN 10002-1 (fig.1) are made. 
The initial working sizes of the samples are assumed to have a 
width b0 = 20 mm, an initial computational base length L0 = 100 
mm with a material thickness t0 = 1.5 mm and a total length Lc 
= 200 mm. The test was carried out on a universal test machine 
"Instron 3384" at a constant load speed of 5 mm / min (Fig.2.c). 
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For each test sample, an initial width of b0 and a thickness t0 
with a micrometer with an accuracy of 0.01 mm shall be 
measured. Measured values are entered in the developed 
method as a correction for correct recalculation. It is also 
envisaged to introduce the change of b0 and L0 after the test bк 
and Lk in the developed method for correct calculation of the 
mechanical characteristics. 
 

а) b) c) 
 

 Fig.2. Mechanical tests for one-dimensional stretchin (a) test 
pieces made to the standard; (b) fabricated test pieces and after 

thermodiffusion galvanizing and (c) testing of test bodies 
 

Hardness measurement was performed using the Vickers 
micrograph method with a load of 50 g according to ISO 6507-
1 on the sample width in a condition of delivery and after 
thermodiffusion galvanization. The hardness was also measured 
in cross-section in the surface zinc layer area and in the 
diffusion zone. 

 
A metallographic analysis was carried out by means of a 

NEOPHOT 21 microscope with a microstore attachment to a 
metallographic microscope. 

 
3. Experiment results and discussion 
 

The tested one-dimensional uniform tension test bodies in a 
delivery condition were processed and analyzed. They are also 
processed for each thermodiffusion galvanized mode. From the 
analysis it was found that the material in the delivery condition 
was heat treated (a strong pronounced yielding site) to remove 
the residual plastic deformation (Fig.3a Substrate). The 
mechanical strength deviation for the three test bodies is within 
a narrow range of 335.33 to 338.12 MPa, and the true strength 
is 561 MPa (Fig. 3b Substrate) and the true elongation does not 
exceed 31%. This result shows that the material is 
homogeneous and can be used for this study. After 
thermodiffusion galvanization the upper yield strength is shifted 
to higher values (Fig. 3a Regime 1, 2 and 3). This effect is 
atypical in thermal treatment. This phenomenon may be due to 
a surface zinc layer obtained and a low carbon steel depth 
diffusion zone formed of zinc-based intermetallic compounds. 
Samples treated by thermo-diffusion galvanization in Mode 2 
show the highest yield limit of 347.67 MPa (Fig. 3a Regime 2) 
reaching the maximum material strength in its plated area of 
353.33 MPa. Mechanical strength is highest at Mode 3 and 
reaches 355.67 MPa despite the lower yield strength. This is 
due to the thermo-diffusion galvanization mode, resulting in 
structural changes in the surface and depth in the base material. 

 
 
 
 
 

a) 
 

b) 
Fig.3. Mechanical characteristics (a) primary indicator 

diagrams; (b) a diagram of true strains and true deformations 
 

The true strength of the true deformation after 
thermodiffusion galvanization is increased (Fig. 3b). The 
biggest change was found in mode 3 with 7.69% where the true 
strength reaches 604.11 MP relative to the blank. For the other 
two modes, the change is less, and for real mode 2, the true 
strength has increased by 7.44%, ie. 602,69 MPa, and for mode 
2 the change is the smallest - the true strength has increased by 
2,92%, i.e. 577.32 MPa compared to the delivery material. In 
this mode of thermodiffusion galvanizing, another positive 
effect associated with the preservation of the plasticity and the 
slight increase of the real plasticity in Mode 2 mode 3 was 
established, despite the effect of stiffening. The change in 
plasticity is up to 2.3%, ie. The true plasticity does not exceed 
32.4% for the selected thermodiffusion galvanizing option. 

 
In order to confirm the results obtained and to clarify the 

reasons for increasing the mechanical strength after 
thermodiffusion galvanization, a microstructural analysis of the 
steel surface was carried out under the condition of delivery and 
in Mode 3. 

 
The metallographic images (Fig. 4a) show the presence of 

ferrite and cementite in the base material, the structure being 
well homogenized [4]. The material was heat treated at delivery 
as found by the one-dimensional uniform tension. The measured 
hardness of the material upon delivery on the surface is in the 
range of 132-144 HV0.05 (Fig.4.b), and after thermodiffusion 
galvanization the measured zinc surface hardness of the surface 
reaches 180-182 HV0.05, Surface hardness increased by 
31.16%. 
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a)  b) 
Fig.4. Microstructure of steel (a) on the surface at an increase 
of 125×; (b) Measured Vickers load on the surface at delivery 

rate 500× 
 

The increased mechanical strength after thermodiffusion 
galvanization is also due to the formed diffusion layer, which 
consists of zinc-based intermetallic compounds. Figure 5 shows 
a microstructural cross-section of the zinc coating and a 
diffusion layer formed on the base material of the substrate. The 
average thickness of the zinc coating at mode 3 is in the range 
of 80-90 μm and the depth of the diffusion layer is within the 
range of 90-105 μm. 
 

 
Fig.5. Thickness of the zinc coating at 125× magnification 

 
For the variation of the hardness from the surface to the 

parent metal, a series of measurements are shown in Figure 6 
with a magnification of 125×. An increased hardness in the zinc 
layer has been found which varies widely from 333 to 396 
HV0.05 (Fig.6-500× magnification). These differences in this 
layer are due to the different phases created in the stair-building 
process. 

 

 
Fig.6. Microhardness of the zinc coating 

 
The measured hardness at the top of the diffusion 

zone (Fig. 6) is 184 HV0.05 and is higher than the 
surface oxide layer (Fig.4.b), as with the increase of 
the depth the hardness decreases and reaches values 
135-140 HV0.05. This diffusion zone contributes to 

improving the mechanical strength of the surface as 
well as the better bond between zinc-coated metal. 
This will also improve corrosion resistance during the 
operation. 
 

Wear behavior of diffusional coatings were studied as well. 
Steel samples with coatings of various thicknesses in the 30-90 
μm range were tested according to ASTM G 65-94. Only δ-
phase FeZn7-10 was detected on the surface of al samples. The 
results show that the wear of the coatings is irregular (Fig. 7). 
The highest wear rates are observed for coatings with large 
thickness at the beginning of the test. Also, a sharp increase in 
the wear rate is observed at the moment of crossing the phase 
boundary δ / δ + Γ in the coating. The lowest wear rates are 
obtained for coatings up to 30 μm thick characterized by smooth 
profiles of the chemical and phase composition. 

 

 
Fig.7. Zinc content (weight %) and wear rate as functions of 

coating’s thickness 
 

Microscopic inspection of the steel counterbody after test 
show that the transfer of the iron-zinc phases from the thick 
(d>30 μm) coatings on the surface of the counterbody occurs 
(Fig. 8). Together with high wear rates for such coatings it 
suggests that at first stage the wear is adhesive. After this 
transter the friction pair coating-steel becomes symmetric, so 
these coatings may act as solid lubricants, e.g., in threaded 
joints. Recent industrial tests [5] showed the fesibility of this 
approach. 

 

 
 

Fig.8. SEM image of the steel counterbody after wear test. 
Chemical composition at the marked point: Fe 25.2 %,  

Zn 74,8 % 
 

According to our previous studies of the structural state of 
diffusional zinc coatings [6] the surface layers of δ-phase in a 
relatively thick diffusional coatings (more than 30 μm) are 
characterized by the absence of the texture, whereas the inner 
layer (< 30 μm) of the coating has texture, characterized by the 

Zn, 
% 

w, g/s 

d, μm 
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hexagonal axis of δ-phase directed parallel to the plane of the 
coating as in usual hot-dip coatings. Thus, both observed effects 
are closely related to the structure of δ-phase layer. 
 

4. Conclusions 
 

From the initial tests of the mechanical properties of steels 
galvanized by thermo-diffusion galvanization, we established: 
- The true mechanical strength is increased to 7.69 % in the 
thermodiffusion galvanization mode; 
- The improved upper yield strength after thermodiffusion 
galvanizing increases from 8.87 % to 25.06 %; 
- The formed zinc diffusion layer is in the range of 80 to 105 
μm and the hardness in the layer increases to 31 %; 
- At the initial stage of wear of zinc coatings with a thickness 
of more than 30 μm, the coating is transferred to a steel counter 
surface 
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