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Due to the analyses of the results of the investigations disclosed in the paper, the mathematical models of the
dependence of the surface quality parameters while nitrocarburizing by the electrospark alloying method (ESA) with the
use of the special technological saturating media (STSM) (the equation of the increase in the thickness of the
strengthened layer and the equation of the increase in the microhardness of the surface) on the energy and technological
parameters of the ESA equipment, respectively, the discharge energy (W,) and the labor intensity (z), which allows
determining the main technological parameters of the formed layer, namely, the thickness of the strengthened layer
(hg) and its microhardness (H, 5;) Also established is the method for determining the constants of the equation of the
increase in the thickness of the strengthened layer (the largest increase in the thickness of the strengthened layer
depending on the discharge energy — A hSl'meax’ the activation energy — F, and the largest increase in the thickness of

the strengthened layer depending on the labor intensity of the ESA processing — Ahsl_rmax), as well as the equation of

the increase in the microhardness of the surface (the largest increase in the microhardness of the strengthened layer

depending on the discharge energy — AH,

sly

) the activation energy — E, and the largest increase in the microhardness

of the strengthened layer depending on the labor intensity of the ESA processing — AH,, ;).

INTRODUCTION

In Part 1 [1] of the paper, an analysis of modern
methods for improving the quality parameters of surface
layers of critical steel parts for power equipment of
nuclear power plants (NPPs), the largest portion of which
is occupied by pumps of various technological systems
operating in harsh conditions and to which exceptionally
high requirements are placed on their reliability.

It has been proved that to increase the reliability and
durability of machine parts, it is not necessary to produce
them from hard, wear-resistant and expensive materials
[2—4], it is enough to provide only their surface layers
with the necessary operational properties, leaving the
“core” unchanged [5-7]. There has been proven the
relevance of work on the creation of new composite
materials that have protective surface layers and viscous,
mechanically strong bases [8§—11]. Also in Part 1 of the
paper, an analysis of the modern and most widely used
strengthening technologies is carried out, namely,
applying of the metal-ceramic coatings to the surfaces of
parts [12—14], performing the depositions of the coatings
made of the composite materials [15, 16], coating the
surfaces with the layers of aluminum oxide [17-19].

There have been separately considered the advantages
and disadvantages of the chemical-thermal treatment
(CTT) methods [20-22]. The important part of the
technologies based on the use of the concentrated energy
flows (CEFs) has been [23-25] highlighted, and the
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advantages of the electrospark alloying (ESA) methods,
which are also based on the use of the CEFs, have been
proven over other alternative technologies [26-28]. The
ESA method makes it possible to restore qualitatively the
worn surfaces [29-31].

The disadvantages of the ESA method [32, 33]
(increased surface roughness, the appearance of pores in
some cases, reduced fatigue strength) can be eliminated
by wusing the surface plastic deformation (SPD)
technology after the ESA [34-36].

With the appearance of new technologies for
improving the quality parameters of machine parts
surfaces by the ESA method using special technological
saturating media (STSM), it has become possible to create
the surface structures with unique physico-mechanical
and tribological properties: aluminizing [37-39],
carburizing [40], nitriding [41], boron saturating [42], as
well as covering with multi-component coatings [43—45].

There have been conducted the studies [1] allowing to
establish  correlations between the energy and
technological parameters of the ESA equipment,
respectively, W, and labor intensity 7, and the main
parameters of the surface layer quality, namely, the
thickness of the strengthened layer hy; and the
microhardness of the surface (H,).

The availability of these dependencies would allow
implementing a method for controlling the quality of the
surfaces of parts and thus improving the technology for
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manufacturing and repairing equipment, depending on the
requirements that are put forward to them.

Thus, the purpose of the work is to improve the
quality parameters of the surface layers of steel parts by
developing a mathematical model for controlling the
quality parameters of their surfaces while nitrocarburizing
thereof by the ESA method.

INVESTIGATION RESULTS
In [1], it has been established that, for steels 20 and
40, with an increase in (W,) and (7), the thickness of the

strengthened layer (hg; ) increases. In this case, it consists
of the thickness of the “white” layer, which is not detected

during etching with conventional reagents, and the
diffusion zone, as well as (H,) of the surface (Table 1).
The  methodology for  establishing  correlation
dependencies between W,, 7 and the thickness of the
strengthened layer (hg; ) and microhardness (H,) has been
carried out using steel 20 as an example.

It has been considered the influence of W, on the
thickness of the strengthened layer, i.e. hgyy = f(W,)
(Fig. 1).

Fig. 2 shows the dependences of the logarithm of the
thickness of the strengthened layer (in hg; ) Of steel 20
on the value of the reverse discharge energy (W, ).

Table 1

Quality parameters of nitrocarburizing layers

Discharge energy W,,, J Labor intensity 7, Thickness of the streng- Microhardness of the
min/cm® thened layer (hg; ), pm strengthened layer H,, ; , MPa
Existing technology

0.13 1.7 155.0 7150

0.52 0.8 170.0 9921

3.40 0.5 235.0 10050
Variant 1

0.13 3.3 175.0 7310

0.52 1.7 190.0 10030

3.40 1.0 250.0 10250
Variant 2

0.13 5.0 180.0 7360

0.52 3.3 200.0 10090

3.40 2.0 255.0 10290
Variant 3

0.13 10.0 182.5 7365

0.52 5.0 202.5 10100

3.40 3.3 257.5 10300
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Fig. 1. The dependences of the thickness of the strengthened layer (hg ) of steel 20 on Wp (a) and (W, ") (b)
in the existing technology and the first, second and third variants of the ESA process, respectively, graphs 1-4
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Fig. 2. The dependences of the (In hy, w,) of steel 20 on
the value of the reverse discharge energy (W, ™):
1 — the existing technology; 2 — the first; 3 — second;
4 — third variants of the ESA process
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The analysis of Fig. 1 makes it possible to draw a
conclusion that there is an exponential relationship
between the increase in the thickness of the
strengthened layer and the discharge energy (W},). It has
been noted that the increase in the thickness of the
strengthened layer Ahg, y,,, increases with the increase in
the activation energy of the nitro-carburizing process E.

From the correlation dependence of the increase in
the thickness of the strengthened layer on the value of
the reverse discharge energy (see Fig. 1,b), it follows
that the logarithm of the thickness of the strengthened
layer In hg -, ~(W,)~" and the activation energy E (see
Fig. 2):

In hsl.Wp ~(VVp)_1’ E. 1)
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Having passed from the approximate equality to the
exact equality, we have:

—-E
AhSl.Wp = C - eWp y

@)

where AhSl'meax is the greatest thickness of the

strengthened layer.
Then

-E
Wp,

®)

Dependence (3) can be considered as an equation of
the thickness of the strengthened layer depending on the
discharge energy.

A hsl.Wp =A hsl.meax e

When in (3)
E =W, 4)
we will have:
A hsl.Wp /A hsl.meax =e ™l (5)

Thus, the activation energy E is a physical quantity
equal to the discharge energy W, at which the thickness
of the strengthened layer is e times less than its
maximum value.

The value of E can be determined by the constant of
equation (3). Its dimension J. E=zga, where o is the
angle of inclination of the direct dependences of
InAhg y,, on W™, The second constant of equation (3)
is Ahsl_wpmax' It is determined by the value of the

segment cut off on the ordinate axis by the intersection

point of the extended straight line of the graph for the
dependence of the logarithm of the thickness of the
strengthened layer (In4 hg; ;) 0N W, (see Fig. 2).

Here is a consideration of the labor intensity
influence, 7, on the change in the thickness of the
strengthened layer at the traditional labor intensity of
the ESA and the one being studied, i.e. Ahg = f(t).
Table 2 and Fig. 3 represent the dependences of the
increase in the thickness of the strengthened layer
A hg; . of steel 20 on the labor intensity 7 and the reverse
value of 71, at the existing technology and the first,
second and third variants of the ESA.

Table 3 and Fig. 4 represent the dependences of the
logarithm of the increase in the thickness of the
strengthened layer (In Ahg; ) on L

Analysis of Fig. 3,a makes it possible to conclude
that there is an exponential relationship between the
increase in the thickness of the strengthened layer
(Ahg. ) and the labor intensity z. It has been noted that
the increase in the thickness of the strengthened layer
Ahg, . increases with increasing labor intensity. From
the correlation dependence of the increase in the
thickness of the strengthened layer on the value of the
inverse labor intensity (see Fig. 3, b), it follows that the
logarithm of the increase in the thickness of the
strengthened layer is proportional to 771 (see Fig. 4):

InAhg _~(—1)7" (6)

Table 2

Dependence of the increase in the thickness of the strengthened layer of steel 20 on z and 77, for all variants
of the ESA for W, = 0.13; 0.52, and 3.4 J

7, min/cm? AR 7, min/cm? AR 7, min/cm? AR
and 7%, cm?/min st M and 7%, cm?min sto W And 72 cm?min stes BT
X Y X Y X Y
W, =0.13J W, = 0527 W, =347
T T T
1.7 0 0.8 0 0.5 0
3.3 20.0 1.7 20.0 1.0 15.0
5.0 25.0 3.3 30.0 2.0 20.0
10 27.5 5.0 32.5 3.3 22.5
Tt ! 7t
0.6 0 1.2 0 2.0 0
0.3 20.0 0.6 20.0 1.0 15.0
0.2 25.0 0.3 30.0 0.5 20.0
0.1 27.5 0.2 32.5 0.3 22.5
Ahy Ahy
pm pm 2
a2
30 30
N B 1 1
20 20
2
10 10
UL/ LA N
Q 2 4 6 8 10 12 0 0,5 1 1.5 2 2.5
7, minfem? 1/, emZ/min
a b

Fig. 3. Dependence of the increase in the thickness of the strengthened layer for steel 20 on T and T~ for all

variants of the ESA at W,
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Table 3

Dependence of In Ahg _ on 7~1 at existing technology and all variants of the ESA for W}, = 0.13; 0.52, and 3.4 J

Value being reverse of Value being reverse of Value being reverse of
labor intensity InAhg labor intensity InAhg labor intensity InAhg
=1, cm?/min 71, cm?/min 71, cm?/min
X Y X Y X Y
W,=0.13J W,=0.521 W,=341
Steel 20
0.3 2.99 0.6 2.99 2.70
0.2 3.22 0.3 3.40 1 2.99
0.1 3.31 0.2 3.48 0.5 3.11
Ty, value of the segment cut off on the ordinate axis by the
k- point of the intersection of the extended straight line of
Tl \ the graph for the dependence of the logarithm of the
ki \ increase in the thickness of the strengthened layer
32 S (InAhg,_) of steel 20 on (z71) (see Fig. 4).
% N~ Taking into account that the total increase in the
- \ thickness of the strengthened layer depends on W, and
' \\3 7, thatis, Y Ahg, . = f(W,, 7) it could be concluded that
2,6
0 0,25 0,5 0,75 1 1,25 —E -
71, cm¥min Ahg = AhSl'meax -e"r + Ah ‘e, 9)

Fig. 4. Dependence of In Ahg; _ of steel 20 on 77+
at existing technology and all variants of the ESA
for W, =0.13; 0.52, and 3.4 J

Having passed from the approximate equality to the
exact one, we will have:

-1

InAhgy =C-ev, )

where C = AhSl'Tmax (Ahsl_rmaxis the greatest increase
in the thickness of the strengthened layer).

-1
ret.

Ahy,_ = Ah (8)

sl.t Sl'Tmax
The dependence (8) can be considered as an
equation of the increase in the thickness of the
strengthened layer depending on the labor intensity,
and its constant AhSl‘Tmax can be determined by the
11000
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Fig. 5. The dependence of the microhardness of the strengthened layer (AH,

Sl'Tmax

The dependence (9) can be taken into account by the
equation of the total thickness increase of the
strengthened layer.

Here is considered the influence of W, on the
microhardness of the strengthened layer, i.e.
H,usl.wp = f(VVp)

Fig. 5, a shows the dependence of the microhardness
of the strengthened layer (Hﬂsl_wp) of steel 20,

respectively, on W, = 0.13; 0.52, and 3.4 J (a) and the
values of W™t =7.7; 1.9, and 0.3 J* (see Fig. 5,b) at the

existing technology and all variants of the ESA.
Fig. 6 shows the dependence of the logarithm of the
microhardness of the strengthened layer (In AH,

of steel 20 on the value of (W,™1).

sl )
p
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p) of steel 20 on W, (@)

7000

sl.w.

and on (W,™"). (b) at the existing technology and all variants of the ESA

The analysis of Fig. 5 makes it is possible to
conclude that there is an exponential relationship
between the increase in the microhardness of the
strengthened layer and the discharge energy (W,). With
an increase in the microhardness of the strengthened
layer, AHusz.Wp increases with an increase in the

activation energy E.
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From the correlation dependence of the increase in
the microhardness of the strengthened layer on the value
of (I/I/Z,,)’l (see Fig. 5,b), it follows that the logarithm of

the microhardness of the strengthened layer
In AH, sl.WPN(M/p)_l and activation energy E (Fig. 6)

In AHusl.w,,"(Wp)_l' E. (10)
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Having passed from the approximate equality to the

exact one, we will have:
—-E
=C- eWp,

AH, (11)

Sl.Wp

(AH

where C = AH, stw, wstw,

increase in the thickness of the strengthened layer).
Then

is the greatest
X

-E
Wp.

AH# Sl-Wp = AHM Sl'meax e (12)
The dependence (12) can be considered as an
equation of the microhardness of the strengthened layer

depending on the discharge energy.

When in (12)
E =W,. (13)

We will have:
AH# Sl-Wp /AH# Sl'meax = e_l . (14)

Thus, the activation energy E is a physical quantity
equal to the discharge energy W,, at which the
microhardness of the strengthened layer is e times less
than its maximum value.

The value of E can be determined by the constant of
equation (12). Its dimension is [J]. E=tga, where a is
the angle of inclination of direct dependences
In AH, stw, ON W, 1. The second constant of equation

(12) is AHy 1,

segment that is cut off on the ordinate axis by the
intersection point of the extended straight line of the

. It is determined by the value of the

graph of the dependence of In AHﬂsl,Wpon W, (see
Fig. 6). Here is considered the effect of the labor
intensity, = on the increase in microhardness of the
strengthened layer, i.e. AH, o, = f (7).

93

92 |* 4
_3
9,1
]
1 - 2
8,9

0 2 4 6 8 10
W,

Fig. 6. The dependence of the microhardness logarithm
of the strengthened layer of steel 20 on W, (b) at the
existing technology and all variants of the ESA

Table 4 and Fig. 7 represent the dependences of the
increase in microhardness of the strengthened layer
(AH, 5,) of steel 20 on 7 and 7~' at the existing
technology and all variants of the ESA for W, = 0.13;
0.52, and 3.4 J. The analysis of Fig. 7 gives an
opportunity to conclude that there is an exponential
relationship between the increase in the microhardness
of the strengthened layer (AH, ) and z. It has been
noted that the increase in takes place with increasing =

Table 5 and Fig. 8 represent the dependences of the
logarithm of the increase in the microhardness of the
strengthened layer (In AH, 4, ) of steel 20 on (r™h).

Table 4

Dependences of increase in microhardness of steel 20 on z and 7~ at existing technology and all variants of the
ESA process for W, = 0.13; 0.52, and 3.4 J

z,min/cm’and | AH,y., MPa | g minem’and | AH,q,, MPa | 7 minem’®and | AH,y_, MPa
71, cm¥min 71, cm¥min 7% cm?¥min
X Y X Y X Y
W,=0.13J W,=0.52] W,=3.41
T T T
1.7 0 0.8 0 0.5 0
3.3 160 1.7 109 1.0 200
5.0 210 3.3 169 2.0 240
10 215 5.0 179 3.3 250
71 71 7
0.6 0 1.2 0 2.0 0
0.3 160 0.6 109 1.0 200
0.2 210 0.3 169 0.5 240
0.1 215 0.2 179 0.3 250
From the correlation dependence of the increase in Then
the microhardness of the strengthened layer on the value AH, g, =AH, g, ‘71 , (17)

being reverse of labor intensity (see Fig. 7,b), it follows

that the logarithm of the microhardness of the
strengthened layer in AH, sz.TN(T)_l (see Fig. 8):

InAH, o ~(1)7" (15)

Having passed from the approximate equality to the

exact equality, we have:
-1

AH, g, =C- ex, (16)

where C=AH, gy,  ~— (AH,q, is the greatest

increase in the microhardness of the strengthened layer).
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the dependence (17) can be considered as an equation of
the increase in the microhardness of the strengthened
layer depending on the labor intensity, and its constant
AH, g, is determined by the segment cut off on the
ordinate axis by the point of the intersection of the
straight line of the dependence graph (InAH, ) of
steel 20 on 71 (see Fig. 8).
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Fig. 7. Dependence of increase in microhardness of steel 20 on T and ™1 at existing technology and all variants
of the ESA process for W, = 0.13; 0.52, and 3.4 J

Table 5

Dependence of In AH,;_ of steel 20 on (7™") at existing technology and all variants of the ESA process
for W, =0.13;0.52, and 3.4 J.

Value being reverse of labor Value being reverse of labor Value being reverse of labor
intensity 7=, cm?/min fn AHysi, intensity 7=, cm?/min (n AHysi, intensity 7=, cm?/min (n AHysig
X Y X Y X Y
W,=0.13J W,=0.52] W,=341
0.3 5.08 0.6 4.69 1 5.30
0.2 5.35 0.3 5.13 0.5 5.48
0.1 5.37 0.2 5.19 0.3 5.52
58 the thickness of the strengthened layers (hg;) and its
microhardness (Hy, g;.).
56 L.
\1\\ 2. A method for determining the constants of the
g3 Ry =3 equation for the increase in the thickness of the
L \ strengthened layer (the greatest increase in the thickness
& 12 of the strengthened layer depending on the discharge
energy, namely, A hSl'meax , the activation energy — E,
4 and the greatest increase in the thickness of the
46 strengthened layer depending on the labor intensity of
o 05 1 15 2 25 3 33
12, e i the process, namely, AH, as well as the

Fig. 8. Dependence of In 4H,, ;, ; strengthened layer ¢
steel 20 on (z 1) at existing technology and all variants
of the ESA process for W}, = 0.13; 0.52, and 3.4 J

Taking into account that the total increase in the
microhardness of the strengthened layer depends on W,
andr that is, ¥ AH, 5 = f(W,, 1), it can be concluded
that

—E

= -1
% AHu sl = Hu slwp, e"p - AHy Slomax 7" (18)

The dependence (18) can be taken into account by
the equation of the increase in microhardness of the
strengthened layer depending on the ESA parameters.

CONCLUSIONS

1. There have been developed the mathematical
models of the dependences of the surface quality values
during nitro-carburizing by the ESA method using
STSM (the equation of the increase in the thickness of
the strengthened layer and the equation of the increase
in the microhardness of the surface) on the energy and
technological parameters of the ESA equipment,
respectively, the discharge energy (W},) and the labor
intensity (t). The above allow determining the main
technological parameters of the formed layers, namely,
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Sl'meax,
constants of the equation for the increase in the
microhardness of the surface (the greatest increase in
the microhardness of the strengthened layer depending
on the discharge energy, namely, AH, stwy, the

activation energy E and the greatest increase in the
microhardness of the strengthened layer depending on
the labor intensity of the ESA process, namely, AH,, g ).
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YAOCKOHAJIEHHS IIAPAMETPIB AKOCTI IOBEPXHEBUX HIAPIB IETAJIIB
31 CTAJII ITICJA HITPOOEMEHTAIIL METOJIOM
EJIEKTPOICKPOBOI'O JIETYBAHHSI
Yacruna 2. PO3POBKA MATEMATUYHOI MOJIEJII YIIPABJIHHSA HAPAMETPAMU

SAKOCTI MOBEPXHEBUX IIAPIB CTAJIBHUX JETAJIEH

B.b. Tapenwvnuk, O.I1. I'anonosa, H.B. Tapensnux

B pesysbprari mpoBeneHMX Yy CTaTTi JOCIHIIKEHb PO3POOJIEHO MaTeMaTH4YHI MOJENI 3aJIe)KHOCTI IapaMeTpiB
SIKOCTI TIOBEPXOHb TMpPH HiTpoleMeHTanii MeTogoM EIJI i3 BHKOPHUCTaHHSM CHEHialbHUX TEXHOJOTIYHHX
Hacuuyrouux cepenosuy (CTHC) (piBHSHHS NpUpOCTy TOBIIMHM 3MIIHEHOTO IIapy Ta PIBHSHHS IPUPOCTY
MIKpOTBEPIOCTI OBEPXHI) BiJ] €HEPTETHYHUX 1 TEXHOJOTIYHMUX NapaMeTpiB obnagnanus ElJI, BinmnosinHo, eHeprii
pospany (W,) i TpymoMicTkoCTi (T), MO MO3BOJISE BU3HAYATH OCHOBHI TEXHOJIOTI4HI TapaMeTpu C(HOPMOBAHOTO
mapy: TOBIIMHY 3MinHeHoro mapy (hs,,) i Horo wmikporsepaicts (H, s, ). Takoxk BCTaHOBIEHA METOAMKA
BU3HAYCHHS KOHCTaHT pIBHSHHA TNPHPOCTY TOBIIMHM 3MIIHEHOTO0 Iapy (HaiOLIbIIMI NPUPICT TOBIIUMHU
3MIIHEHOTO HIapy 3aJIe)KHO Bif eHeprii po3psany — A h3_m_meax, eHepris aktmBanii — E Ta HaWOiMbmmiA mpupicT
TOBIIMHY 3MilHEHOTO IIAPY 3aJIEKHO Bijl TpynoMicTKOCTi 06poOku ELJT — Ah, ) a Takok PiBHSHHS HPUPOCTY

max
MIKpPOTBEPIOCTI OBEPXHi (HAHOUTBIINI PUPICT MIKPOTBEPAOCTI 3MIITHEHOTO MIapy 3aJI€KHO BiJl HEPTii po3psaay —
AH, ST eHepris aktuBauii — E Ta HaWOUIBIIMIA NPUPICT MIKPOTBEPAOCTI 3MII[HEHOTO ILApy 3ajeKHO Bij

TpyaomicTkocTi 06pobku EUT — AH,, 5, ).
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