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 Abstract:  The paper highlights the classification of the quality parameters of the surface layer and their influence on 
the performance characteristics of machine parts, such as wear resistance, long-term and endurance strength, 
as well as the influence of quality parameters of the surface layer on the performance characteristics subject 
to the operating conditions (various temperatures and loads). The paper expounds the impact of machining 
conditions on the formation of surface layer quality indices and provides calculated dependences for the 
determination of surface layer quality parameters.

 Słowa kluczowe:  powierzchnia, chropowatość, naprężenia własne, zgniot, głębokość obróbki plastycznej na zimno, parametry 
eksploatacyjne, odporność na zużywanie, wytrzymałość, parametry obróbki.

 Streszczenie: Przedstawiono klasyfikację parametrów stanu warstwy wierzchniej w kontekście ich wpływu na charaktery-
styki eksploatacyjne elementów maszyn, takich jak odporność na ścieranie, odporność na zmęczenie w za-
leżności od warunków pracy (temperatura, obciążenie). Określono wpływ warunków procesów technologicz-
nych na kształtowanie parametrów stanu warstwy powierzchniowej. Przedstawiono zależność pozwalającą na 
teoretyczne określanie tych parametrów.
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INTRODUCTION

The improvement of the quality of engineering products 
can be achieved through the enhancement of the 
performance characteristics of machine parts, which 
depend to a great extent on the quality of the surface 
layer. Sometimes the latter often determines the part 
service life, rather than the characteristics of machining 
accuracy. This problem is particularly relevant in 
the aircraft industry, space technology, etc., where 
destruction of critical parts can lead to disaster.

Considering the mechanism of surface layer 
formation during machining and current knowledge of 
the solid-state physics and the plastic collapse theory, 
Professors A.M. Sulima and M.I. Evstigneev proposed 
the following classification of surface layer parameters, 
Table 1 [L. 1].

THE  BODY  OF  RESEARCH

The influence of surface layer parameters on the 
performance characteristics of machine parts is 
sufficiently studied in terms of roughness, residual 
stresses, and cold working. However, in the literature, 
different opinions are encountered about the degree 
of the influence of roughness, residual stresses, the 
degree and depth of cold working on fatigue properties, 
and other performance characteristics of machine 
parts. There are recommendations that can be used in 
the production environment. Thus, according to the 
research of Professor A.M. Sulima, the endurance 
of high-temperature alloys at working temperatures 
and high frequency loading depends significantly on 
surface roughness. He found that the increase of surface 
roughness Rz from 0.05 µm to 2.0 µm reduces fatigue 
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strength by 13.3%. The decrease in the fatigue resistance 
of alloys after grinding, when surface microroughnesses 
are located perpendicularly to the axis of the sample, 
is 1.5 times more than when the microroughnesses are 
located along the axis of the specimen at the same values 
of roughness. Thus, not only the height of irregularities 
and their shape hold much significance, but also the 
location of irregularities in relation to the load applied 
to the part.

There is also no shared vision of the influence 
of cold working on cyclic strength. According to 
Professor Kudryavtsev I. V. and Professor Oding I. A., 
cold working results in an increase in the fatigue limit. 
Sulima A. M. et al. found that the influence of cold 
working in the surface layer on the endurance of heat-
resistant alloys is dual:
• When the parts operate in relatively low 

temperatures and at relatively low resource of 
operation, cold working increases resistance of 
high-temperature alloys to fracture, which is 
associated with increasing resistance to separation 

as a result of structural changes under the influence 
of plastic deformation.

• With increase of operating temperature and service 
life, cold working facilitates the intensification of 
processes in terms of material structure change 
as a result of oxidation, burning-out and the 
evaporation of alloying agents, which can lead to 
embrittlement and a loss of heat resistance. There is 
a belief that, for parts made of heat-resistant steels 
and an alloy operating at high temperatures, the 
surface layer without cold working or with rather 
insignificant cold working is desirable, which 
should be established depending on the working 
temperature.
The influence of residual stresses on endurance 

is responsible for the fatigue failure mechanism, based 
on the formation and propagation of fatigue microcracks 
in the process of cycling loading. Here, the surface-
active agents penetrating the microcracks favour 
their propagation wedging their walls in the course of 
deformation. Factors facilitating the formation of fatigue 

Table 1. Classification of surface layer parameters
Tabela 1.  Klasyfikacja parametrów warstwy wierzchniej

Parameter
group

Parameter
subgroup Parameter name Measuring units

Surface irregularities

Roughness

Roughness height
Arithmetic average
surface roughness
Profile root mean
square deviation
Roughness width
Roughness valley
spherical radius

μm

μm

μm
μm

μm

Waviness Surface wave height
Surface wave pitch

μm
μm

Direction of lay The angle between the direction of irregularities 
and the direction of action of the external load deg.

Physical state of the surface 
layer

Deformation
degree

Deformation degree
of separate grains
Deformation degree of layers
(particle concentration)

%

%

Cold working Depth of cold working
Degree of cold working

μm
%

Structure

Fragment sizes
Block sizes
Fragment orientation angles
Block orientation angles

μm
μm
deg.
deg.

Crystal lattice
Lattice parameters
Dislocation density
Vacancy concentration

10−6 cm
cm−2

Surface layer stresses Residual stresses
Macrostresses
Microstresses
Third type stresses

MPa
MPa
MPa
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microcracks and assisting their further propagation will 
decrease the fatigue limit, and factors impeding crack 
formation and decelerating their propagation will favour 
endurance increase. To the factors impeding crack 
formations belong the residual compressive stresses 
in the surface layer including the contribution from the 
acting external stresses reduce cyclic tensile stresses. In 
contrast with the residual compressive stresses the tensile 
ones including contribution from the acting cyclic applied 
tensile stresses accelerate fatigue crack formation and 
reduce fatigue limit [L. 8]. It is difficult to estimate the 
degree of the influence of residual stresses on resistance to 
fatigue along with other quality parameters of the surface 
layer, because they change in terms of value during 
operation. However, it was found that the influence 
of residual stresses on fatigue resistance prevails for 
high-strength metals, and the influence of cold working 
predominates for low-strength metals.

The nature of the influence of residual stresses 
in the surface layer and the depth and degree of cold 
working on fatigue strength depends on the technology 
of part manufacture. In his research, Professor 
Kravchenko B.A. found that, during machining a ductile 
material tensile residual stresses occur on the machined 
surface, and during machining, brittle material the 
compressive ones form [L. 2]. Predeformation hardens 
the material reducing its plastic properties; therefore, 
when machining the material in hardened condition, 
the minor tensile residual stresses form, and at a certain 
depth, they transform into the compressive ones that 
should increase the endurance limit. In order to confirm 
this, a study was carried out on three sample batches 
made of normalized steel IXI8H9T. All samples were 
finish-turned (cutting rate v = 15 m/m; cutting depth 
t = 0.1 mm; feed S = 0.05 mm/rev.), and then they 
were polished with abrasive paper. The first batch 
was produced from unstrained material. The samples 
of the second batch were deformed after manufacture 
with 20 % elongation, and the samples of the third 
batch were made of bars being predeformed with 
elongation up to 20 %. In the surface layer of the first 
batch, tensile residual stresses σ0 max = 230 МPа were 
formed. In the second case, the residual stresses reduced 
to σ0 max = 80 МPа, and in the third case, the residual 
stresses made up σ0 max = – 300 МPа (Fig. 1).

Tests showed that the samples made of predeformed 
bars with compressive stresses in their surface layer 
possess the maximum endurance limit. The observed 
increase of the endurance limit in the predeformed 
samples stems from the simultaneous action of 
compressive residual stresses and cold working.

To determine the effect of only cold working on the 
endurance limit by anodic dissolution, the surface layer 
of all samples with a thickness of 200 µm was removed,  
i.e. the residual stresses were virtually completely 
removed. Fatigue tests of these samples (after polishing) 

Fig. 1. Distribution diagrams of axial residual stresses for 
samples made of steel 1Х18Н9Т: 1 – unstrained 
samples; 2 – samples deformed after manufacture 
up to δ = 20%; 3 – samples deformed before 
manufacture up to δ = 20%, ΔQ – depth of the 
layer in question from the surface

Rys. 1.  Rozkład osiowych naprężeń własnych dla próbek ze 
stali 1Х18Н9Т: 1 – próbki w stanie wyjściowym;  
2 – próbki odkształcane po obróbce do δ = 20%;  
3 – próbki odkształcane przed obróbką do δ = 20%, 
ΔQ – głębokość warstwy od powierzchni

showed that, for unstrained samples, the endurance limit 
increases in comparison to the unpolished samples. 
The latter can be explained by the elimination of 
detrimental effect of tensile residual stresses. The same 
is observed for samples deformed after turning. The 
polished samples produced from tensile-predeformed 
bars demonstrated a decrease of endurance limit 
stemming from the elimination of the influence of useful 
compressive residual stresses.

Research on the influence of manufacturing 
technology on the endurance limit showed that cold-
worked samples after turning have an endurance limit of  
σ–1 = 375 МPа, and that of the non-cold-worked ones 
makes up σ–1 = 355 МPа. The increase of endurance limit 
due to hardening makes up 5.7%. Under simultaneous 
influence of cold working and residual stresses, the 
similar comparison gives 18.2%, i.e. the change of 
endurance limit due to only residual stresses makes up 
12.5%. Therefore, the proportion of the influence of 
residual stresses on the endurance limit is 69%, and that 
of cold working makes up 31%.

The study of  Professor Matalin А. А. establishes that 
residual stresses, cold working, and surface roughness 
change fatigue strength by a ratio of 1.5 × 1.25 × 1.03. 
According to the research of Sulima А. М., the influence 
of surface roughness and the depth of cold working on 
resistance to fatigue is more considerable and, in some 
cases, cold working reduces endurance. However, it is 
known that hardening technology increases endurance 
limit. The apparent contradiction is explained by the 
fact that, when hardening, favourable residual stresses 
are induced which, through their positive effect, cover 
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the adverse impact of cold working. According to the 
research of Sulima А. М., the relative significance of 
each parameter of surface layer quality in the decrease of 
resistance to fatigue for the samples after grinding is as 
follows: surface roughness up to 50–70%, cold working 
of the surface layer 25–45%, and technological residual 
macrostresses up to 5–15%. Then fatigue strength of 
heat-resistant steels and alloys at working temperatures 
and high frequency loading depends substantially on 
surface roughness, depth, and the degree of cold working 
in the surface layer. Residual stresses relax under 
conditions of high temperatures and exert practically no 
influence on fatigue stress; however, under conditions 
of low temperatures, their influence is essential. Strain 
hardening of the surface layer after cutting reduces the 
fatigue strength of heat-resistant materials at elevated 
temperatures. If we consider the influence of cold 
working on long-term strength at elevated temperatures 
(700°С and above), it should be noted that cold working 
reduces long-term strength. The maximum strength is 
observed when polishing, and the minimal one is during 
the hardening machining.

For some materials, Professor Sulima А.М. 
determined the optimal values of the degree and the 
depth of cold working of surface layers for aircraft 
engine parts, and when they are exceeded, fatigue 
strength is reduced. The study of Professor Sulima А.М. 
also establishes that the most efficient technological 
option to machine parts made of heat-resistant steels 
and alloys providing the maximal fatigue endurance 
at working temperatures is as follows: electrochemical 
machining with subsequent vibrocontact polishing 
or strain hardening creating surface cold working of 
low depth and intensity. In accordance with the study 
of Kravchenko B.А., in this case, favourable residual 
stresses in the surface layer are also formed.

Machine part surface roughness exerts considerable 
influence on wear resistance. However, the surface with 
the minimal roughness does not always turn out to be 
the most wear resistant. This is because the very close 
rapprochement of two solid bodies results in a molecular 
interaction between surfaces and increases their 
cohesion increasing wear (Fig. 2) [L. 2]. At small values 
of roughness height on the surface, seizure occurs. At 
considerable values of roughness height on the surfaces, 
mechanical adhesion and cut occur.

It has been found that, in the process of wear after 
running in, the optimal equilibrium roughness is formed 
that does not depend on the initial roughness. Therefore, 
it is a good practice during machining to create surfaces 
where roughness will correspond to run-in friction 
surfaces under certain wear conditions. In the course of 
running-in surface roughness of samples A decreases, 
that of samples В increases, but samples С have constant 
roughness (Fig. 3) [L. 4].

Fig. 2. Dependence of friction coefficient f on total 
roughness of rubbing bodies ∑Rz: 1 – cast iron 
against steel; 2 – bronze against steel

Rys. 2.  Wpływ współczynnika tarcia f na sumaryczną chro-
powatość trących powierzchni ∑Rz: 1 – żelazo po sta-
li, 2 – brąz po stali

Fig. 3. Dependence of established (optimal) microgeometry 
on contact time of surfaces at different initial 
roughness

Rys. 3. Wpływ uzyskanej (optymalnej) mikrogeometrii na 
czas kontaktu powierzchni przy różnych początko-
wych chropowatościach

Wear resistance is influenced not only by the comb 
value, but also by their direction, methods to deform 
the combs, and the mechanical and physical state of the 
surface layer.

Structural heterogeneity of the surface layer should 
be reduced as far as feasible, and homogeneous stresses 
over the whole surface should be created in order to 
increase wear resistance during finishing. The influence 
of the roughness of the surface layer on its wear also 
depends on the form of irregularities. Fine and numerous 
irregularities provide more wear resistance than large 
coarse-pitch irregularities (Fig. 4) [L. 3].
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Knowledge of nature and extent of the impact of 
surface layer parameters on performance characteristics 
allows solving the problem of surface layer quality 
control in order to create the required characteristics of 
performance properties by selecting cutting conditions 
and tool geometry providing the specified values of 
surface layer parameters. In the context of the setting of 
cutting conditions in terms of surface layer state when 
machining heat-resistant alloys, it is efficient to define 
cutting conditions providing optimal temperature in the 
cutting area and minimal cutter wear is observed.

Cutting rate corresponding to the optimal cutting 
temperature is called optimum speed. In this case, more 
favourable indices of surface layer state are provided. 
When machining in optimal cutting modes, the value of 
the height of machined surface irregularities, the minimal 
depth и degree of cold working, which in some cases are 
needed in the surface layer of the machined part, turn out 
to be minimal or become minimally stable (Fig. 5).

Fig. 4. The influence of irregularity form on wear curve behaviour
Rys. 4. Wpływ kształtu nierówności na przebieg zużywania

Fig. 5. The dependence of surface roughness Rz, 
microhardness Hd and depth of cold working hc 
on cutting rate. Milling of alloy ХН50ВМКТЮ 
with milling cutter made of P18: S = 0.08 m/rev; 
t = 1·10-3 m; α = γ = 10°

Rys. 5.  Wpływ chropowatości powierzchni Rz, mikrotwardości 
Hd i głębokości utwardzenia h na wydajność skrawania. 
Obróbka stopu ХН50ВМКТЮ narzędziem wykona-
nym z P18, S = 0,08 m/obr.; t = 1⋅10-3m; α = γ = 10°

Fig. 6.  The dependence of the approach of contact 
surfaces у on cutting rate under their machining: 
α = 10°; ϕ = 45°; ϕ1 = 15°; r = 1 mm; S = 0.2 mm/rev. 
Work material ВТ9, γ  = 0°. Work material 
13Х12НВМФА, γ  = 10°

Rys. 6.  Wpływ zbliżenia stykających się powierzch-
ni y na wydajność skrawania przy parametrach: 
α = 10°; ϕ = 45°; ϕ1 = 15°; r = 1 mm; S =  0,2 mm/
obr. Materiał obrabiany ВТ9, γ  = 0°. Materiał obra-
biany 13Х12НВМФА, γ  = 10°

Under optimal cutting conditions, i.e. in the 
conditions corresponding to the optimum temperature, 
the value of the approach of part contact surfaces has 
minimal magnitude; therefore, the strength of contact 
has a maximal value (Fig. 6).

When cutting mating surfaces, the most influences 
on the compliance factor and therefore on contact 
stiffness are exert by the following parameters: feed S, 
cutter tip radius in the plan r, and tool tip corner radius 
ρ1. The same parameters exert considerable impact on 
the roughness of the machined surface. The cutting depth 
exerts insignificant influence on the contact stiffness of 
the machined surface.
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The formula to determine compliance, i.e. the 
approach of part contact surfaces depending on cutting 
parameters, is as follows [L. 5]:

ω
ρ

=
⋅ −35 10 7 1 1

0 8
1
0 66 0 175
S

r t

.

. . . ,m/N,

where the following dimensions are specified: S in mm, 
r in mm, ρ1 in μm, t in mm.

The problem to determine the parameters 
characterizing the cutting process according to the given 
compliance value can also be solved [R. 6]. For example:

S r t= ⋅ ⋅ ⋅ ⋅0 09 100 91 0 73
1
0 6 0 1 6. ,. . . .ω ρ  mm.

For specific combinations of the machined 
material and the tool material under the tool geometry 
recommended for optimal machining conditions, the 

value of the wear intensity of the contact surface can be 
determined by the following formula:
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where α2 is the coefficient depending on the contact type. 
At elastic contact α2 = 0.5, and at plastic contact α2 = 1, 
ε is the relative approach of contact surfaces expressed 
through proportions of maximal profile irregularity 
height; n is the number influence cycles resulting in 
material destruction; S is the feed, mm/rev; r is the tool 
point radius, m; ρ1 is the tool tip corner radius, μm.

In the general case for conditions of optimal cutting 
[L. 7] the following formula is used:
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where  a1, t is the thickness of cut and the depth of cut 
in machining;  v0 is the optimal cutting rate;  α, γ are 
the back clearance and the front clearance angles of 
the tool cutting part;  a is the temperature diffusivity of 
the material of the machined part;  λ, λр are the thermal 
diffusion coefficients of the machined material and the 
tool material;  β, ε are the cutting point angle and the cutter 
tip angle in the plan;  r, ρ1 are the cutter tip radius in the 
plan and the tool tip corner radius;  cρ is the volumetric 
specific heat capacity of the machined material;  

θ is the temperature in the cutting area;  τp is the 
resistance of the machined material to the flow shear;  
b is the length of the tool tips-part contact;  m is the 
dimensionless value depending on the feed-cut depth 
ratio, as well as on the tool point geometry parameters;  
с0, n0 are the constants for a particular combination of 
the machined and the tool materials.

For the given value of wear intensity for conditions 
differing from the optimum, the feed is determined by 
the following formula:
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CONCLUSION

Thus, based on the theoretical research, it is possible to 
determine the tribotechnical characteristics of machined 
surfaces or the machining conditions providing the 
specified performance characteristics by calculation.
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