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CONTACT FATIGUE OF 20KHN3А AND 55SMFA STEELS WITH SURFACE 
NANOSTRUCTURED LAYERS IN CORROSIVE-ABRASIVE MEDIA 

V. І. Kyryliv,1,2  B. P. Chaikovs’kyi,3  О. V. Maksymiv,1  and  А. V. Shal’ko3 UDC 622.245.002.4 

We study the contact fatigue of 20KhN3A and 55SMFA chisel steels after thermochemical and thermal 
modes of treatment and grinding and with surface nanocrystalline structures formed by mechanical 
pulsed treatment in corrosive and corrosive-abrasive media under working loads acting upon the chisel 
components.  It is shown that nanostructuring increases the contact durability as compared with grinding 
in various working media.  On steels with surface layers with nanocrystalline structures, the influence of 
inhibitors is less efficient than the influence of heat treatment due to the subsurface initiation of fatigue 
cracks.  
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At present, nanocrystalline structures (NCS) formed on the metals with high operating characteristics and 
the technologies of their formation attract significant attention of the researchers.  In the Karpenko Physicome-
chanical Institute of the Ukrainian National Academy of Sciences, a technology of mechanical pulsed treatment 
(MPT) was developed for the formation of the surface NCS by using the energy of high-speed friction [1].  This 
procedure improves the physicomechanical properties of steels.  The increase in the contact durability of 
20KhN3A steel with surface nanostructure and its dependence on the depth and microhardness of the nanostruc-
tured layer were established in [2].  These features are regulated by the modes of MPT [3, 4].  The legs, balls, 
and rolls of drill bits, operating under high contact loads in corrosive and corrosive-abrasive media are usually 
made of 20KhN3A and 55SMFA steels.  Note that the fracture resistance of materials with surface NCS under 
the indicated conditions is investigated quite poorly.  

The aim of the present work is to study the influence of surface nanostructures formed by the MPT on 
20KhN3A and 55SMFA steels on the contact fatigue resistance in corrosive and corrosive-abrasive media. 

Materials and Methods 

Annular cylindrical specimens of 20KhN3A steel with a diameter of 35 mm were studied after carburizing 
down to a depth of  1.5–1.7 mm,  hardening, and low-temperature tempering.  The hardness of the surface layer 
was  60–62 HRC.  Specimens of 55SMFA steel were hardened with low-temperature tempering.  The hardness 
of the surface layer was  58–60 HRC.  

Then the specimens of both steels were ground and a part of them was hardened by the MPT in the fol-
lowing modes: a rotational speed of the tool  nin = 100 sec–1,  a rotational speed of the specimen  nsp = 2.5 sec–1,   
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the values of cross feed equal to  0.3 mm  (mode 1) and  0.4 mm  (mode 2), and a duration of cutting of the disk 
equal to  15 sec.  The MPT was performed by using a tool made of 40Kh steel.  The contact fatigue was studied 
in a three-roll machine [5] with feeding either water or water with an admixture of  0.1 wt.%  of quartz sand with 
the range of particle sizes of up to  20 µm  in order to simulate the conditions formed in the course of drill-hole 
irrigation in the process of drilling.  We applied a contact load of  2500 MРа  corresponding to the operating 
loads acting upon the ball and roll paths of drill bits in the drilling zone [6].  The onset of fracture was fixed by 
an automatic switch [7].  The phase composition of the surface layers of steels after hardening treatment was 
studied with the help of a DRON-3 diffractometer in the CuKα -radiation  (U  = 30 kV,  I  = 20 mA)  with steps 
of  0.05°  and an exposition at a point equal to  4 sec.  The X-ray diffraction patterns were processed by using 
the CSD software [8].  The X-ray diffraction patterns were identified with the use of the JCPDS-ASTM card 
file [9].  The microhardness was measured with a PMT-3 hardness tester under a load of  100 g. 

Results and Discussion 

Guided by the assertion that the longitudinal durability depends on the thickness of hardened layer made  
in [2, 10], we choose the optimal modes of hardening of the specimens guaranteeing the maximum increase in 
the contact durability and, hence, the maximum depth of hardening and a smooth transition from the hardened 
surface layer to the base without sharp drops of microhardness in the transient zone because subsurface cracks 
can be initiated just in this zone.  

As a result of MPT, for both modes of treatment, we observe the formation of a martensitic-austenitic struc-
ture on steels (Fig. 1).  The martensite grains on 20KhN3A steel are refined from 32 µm down to 20 and 24 nm, 
whereas the martensite grains on 55SMFA steel are refined from 45 µm down to 23 and 30 nm in modes 1 
and 2,  respectively, guaranteeing a smooth transition from the hardened layer to the base.  

It was established that the surface NCS obtained by MPT makes the contact durability of steels in corrosive 
media 3.0 (20KhN3A steel) or 2.2 (55SMFA steel) times higher (Fig. 2).  Here, the crack is initiated under the 
surface of the NCS (Fig. 1b) in the tests carried out in the corrosive-abrasive medium and from the surface 
(Fig. 1d) in the case of corrosive medium.  This is explained by the fact that, under the influence of compressive 
and shear contact stresses, the elements of the working medium (hydrogen and oxygen) penetrate into the sur-
face layers.   

It was discovered [11, 12] that, in the surface layers with NCS obtained under the conditions of intense plas-
tic deformation, we observe the appearance of low-temperature anomalies of the grain-boundary diffusion, 
namely, a substantial (by several orders of magnitude) increase in the diffusion coefficients and a decrease (al-
most twofold) in its activation energy as compared with the case of coarse-crystalline structure.  Note that,  
as shown in [1], the concentrations of “detrimental elements” (hydrogen and oxygen) in aqueous corrosive me-
dia are high [13], which promotes the intensification of fracture processes in the hardened surface layer.  This 
was also confirmed in [14, 15], where it was shown that, in the process of friction in water, the deformation of 
the surface layers of the metal is accompanied by the saturation of the near-boundary areas of structural frag-
ments not only by carbon atoms but also by oxygen atoms formed in the working medium as a result of  
the thermomechanical destruction of water molecules at the points of contact of microirregularities.  Hence,  
in the near-boundary areas, we see the formation of structural fragments of Fe–O–C metastable atomic clusters, 
namely, an octapore of BCC iron with an oxygen atom located at the center and two carbon atoms at the vertices 
substituted for iron atoms.  These clusters and iron atoms in the crystal lattice separate the areas with an insignif-
icant electron density formed as a result of lowering of the electron density of s- and p-electrons and the eleva-
tion of the space localization of valence d-electrons on the iron atoms surrounding oxygen and carbon atoms.  
This  restricts  the  participation  of  valence  electrons  in  the  formation  of  bonds  between  iron  atoms  of  the  crystal  
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Fig. 1. Microhardness of 20KhN3A steel after carburizing (а) and 55SMFA steel after hardening (c) and MPT in different modes  
[(1) mode 1; (2) mode 2] and the site of crack initiation in carburized (b) and hardened (d) specimens with surface NCS after 
testing in a corrosion-abrasive medium. 

 

Fig. 2. Contact fatigue of 20KhN3A and 55SMFA steels in corrosive (a) and corrosive-abrasive (b) media after quenching (light col-
umns) and with the surface NCS (dark columns). 

lattice and atoms of clusters and, as a result, they fail relatively easily as a result of displacements of structural 
elements along the boundaries formed by clusters [14, 15]. 

The contact durability of 20KhN3A and 55SMFA steels with surface NCS in the corrosive-abrasive medi-
um is 4.0 and 2.5 times higher than in steels without MPT.  In this case, a crack is initiated under the surface.  
This  is  explained  by  the  rubbing  out  of the surface sources of initiation of the microcracks by abrasive particles.   
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Fig. 3. Microscopic images of the surfaces of specimens of 55SMFA steel in the zone of testing after quenching (a) and MPT (b)  
(× 200). 

Table 1. Contact Fatigue of Chisel Steels in the Case of Application of МЕА and ТЕА Inhibitors  

Steel 

Durability of the specimens, × 106 , cycles 

intact state after MPT intact state after MPT 

Water + МЕА Water + ТЕА 

20KhN3A 1.3 2.6 1.54 2.8 

55SMFA 2.2 2.9 2.64 2.7 

This is why the contact durability of nonhardened specimens in corrosive-abrasive media is twice higher than in 
corrosive media.  Clearly, for the same reasons, the surface layer with NCS begins to fail as a result of initiation 
of a crack from the surface in water and from the surface layer in the aqueous-abrasive medium (Fig. 1). 

The specific features of defects observed in testing 55SMFA steel were analyzed by using the fractograms 
obtained in a РЕМ-200 electron microscope.  It was discovered that hardening weakly increases the resistance to 
the indentation of a disk (Fig. 3а).  On the surface, we see the traces of flattening of the metal in the contact 
zone.  The MPT of quenched steel qualitatively changes the situation.  This procedure practically excludes the 
possibility of exfoliation on the contact surface (Fig. 3b), which is deformed to a much lower extent.  On this 
surface, we see the signs of MPT not damaged by the deformation realized under contact loading in the course 
of the tests.  Flattening and exfoliation of the surface are encountered less frequently, which confirms the effect 
of elevation of the contact fatigue resistance of steel with surface nanostructure.  In this case, the number of test-
ing cycles is equal to  1.14 ⋅106   for the quenched specimen and to  2.08 ⋅106   for the hardened specimen. 

After the addition of inhibitors, in particular, 30 g/liter of monoethanolamine (МЕА) and triethanolamine 
(ТЕА) to water, the contact corrosion-fatigue strength of the specimens becomes 1.8 and 2.2 times higher in  
the intact state and after quenching and low tempering (see Table 1).  The action of inhibitors on steels with NCS  
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Fig. 4. Dependences of the contact fatigue of 20KhN3A and 55SMFA steels on the thickness of hardened nanocrystalline layer: 
(1) specimens in the intact state without MPT; (2) MPT in mode 1  (δ = 65–75 µm); (3) MPT in mode 2  (δ = 100–140 µm).

formed by the MPT is less efficient due to the subsurface crack initiation.  Thus, the МЕА and ТЕА inhibitors 
retard the initiation of microcracks from the surface of the specimens. 

The thickness of the hardened surface layer  δ   strongly affects the contact fatigue resistance of steels with 
surface NCS in corrosive and corrosive-abrasive media [2].  In particular, if the thickness of this layer varies 
within the range  65–75 µm,  then the contact durability increases by a factor of 1.4–1.6,  whereas for the thick-
nesses varying within the range  100–140 µm,  it becomes 2.2 times higher (Fig. 4). 

The zone of elevated etchability and lowered hardness on 55SMFA steel under the NCS and the smooth tran-
sition to the base metal in both steels positively affects the serviceability under contact loading.  This zone plays 
the role of a buffer interlayer with relaxation processes reducing the level of stress concentration.  The correctness 
of this conclusion is confirmed by the character of distribution of residual stresses under cyclic loading of the spec-
imens [11]. 

The low friction coefficient of the surface, which becomes, in this case, up to four times lower than for the 
heat-treated structure, is an important factor of increasing the contact durability of steels with NCS [12].  As a 
result, the tangential component in the rolling contact decreases, which results in swelling of the surface layer 
and the initiation of subsurface cracks [10].  Moreover, the surface NCS form traps and block the process of 
penetration of hydrogen into the metal [13] substantially increasing the contact fatigue resistance in corrosive-
abrasive media.  

Hence, the surface nanostructured layer plays a dual role.  Thus, in particular, just as coatings [16], it pro-
tects the matrix against the action of working corrosive media and improves the tribological properties without us-
ing high-cost lubricants [17]. 

CONCLUSIONS 

In conclusion, we note that the mechanical pulsed treatment intended for the formation of the surface layer 
with nanocrystalline structure on 20KhN3A and 55SMFA chisel steels increases their contact durability both in 
water and in aqueous solutions with quartz sand.  As a result of the addition of mono- and triethanolamine inhib-
itors to water, the contact corrosion-fatigue strength of heat-treated steels becomes 1.8 and 2.2 times higher, re-
spectively.  On steels with surface NCS, the action of inhibitors is less efficient due to the subsurface initiation 
of the cracks. 
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