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This article presents results from studies of the thermochemical treatment of steel parts based on their nitriding

in the plasma of a hydrostatic glow-spark discharge (GSD). The article examines the nitriding of carbon and

alloy steels in a GSD plasma (hydroplasma nitriding), as well as combination methods of treating carbon

steels. One of the combination methods discussed is diffusion saturation of the steel by a metal, nitrogen, and

carbon.
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INTRODUCTION

An analysis of the current state of progress in improving

the reliability and durability of machine and instrument parts

shows that thermochemical treatment (TCT) remains an ef-

fective method for the surface-hardening of steels and alloys

and has good prospects for further development [1]. The

large number of types and variants of TCT make it possible

to select the method of hardening that is optimum based on

economic and operational factors. Among the many TCT

methods that are available, nitriding has been widely used for

over 60 years to strengthen various steels and alloys [2 – 4].

One important advantage of nitriding is that it allows control

over the composition and structure of the diffusion layer

through control of the saturating atmosphere. Both furnace

nitriding and ion nitriding (nitriding in a glow discharge) are

actively used in industry. Given all of the advantages of these

two technologies, they still share one shortcoming — the

lengthy duration of the saturation process (tens of hours).

The nitriding process in these methods needs to be carried

out at higher rates.

Thus, such TCT technologies need to be developed with

the goals of ensuring that the surface layer of the product has

the prescribed service properties, significantly shortening the

time required to form diffusion layers of the specified thick-

ness, and conserving scarce metals by replacing alloy steels

with surface-hardened carbon steels. These objectives can be

met by developing and using processes that entail the satura-

tion of steel products by nitrogen and other elements in plas-

mas formed by glow-spark discharges [5]. The goal of the in-

vestigation being discussed in this article was to study two

types of TCTs: nitriding in the plasma of a nitrogen-bearing

liquid electrolyte (hydroplasma nitriding — HPN); combina-

tion processes that entail saturation by nitrogen, a metal, and

carbon in a plasma (metallic carbon nitriding).

METHODS OF STUDY

Different types of specimens were saturated in the plasma

of a hydrostatic discharge (HSD): Armco iron; carbon steels

containing from 0.15 to 0.8% C (steels St3, 20, 40, and U8);

alloy steels of the pearlitic, martensitic, and austenitic classes

(steels 40Kh, 20Kh13, 40Kh13, and 40Kh12N8G8MF).

The saturation processes were carried out on a specially

built laboratory unit that includes a reactor filled with the

electrolyte — an aqueous solution of ammonium chloride

(NH
4
Cl) — an ac transformer, rectifier, stabilizer, and moni-

toring instruments (an ammeter and a voltmeter). The main

parameters of the production process are voltage, current,

and saturation time. In hydroplasma nitriding, a voltage

within the range 170 – 200 V is optimum from the standpoint

of maintaining stable combustion of the low-temperature
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plasma and preventing the occurrence of anomalous arc dis-

charges. The specific voltage that is optimum for any given

case will depend on the size of the part being nitrided. The

current is maximal (I
max

= 1.0 – 1.5 A) up to the moment that

the gas-vapor envelope is formed, while it decreases to

I
min

= 0.10 – 0.12 A during the stable combustion of the

plasma. Total nitriding time is 1.5 – 3 min.

In combination TCT (metallic carbon nitriding), the

hydroplasma nitriding operation was preceded by coating of

the specimens with a slip containing powders of alloying ele-

ments (W, V, Cr, Co, Ti, Nb, Mo, and Al or mixtures of these

elements.). The slip (suspension) is a mixture of 50% gra-

phite + 30% powdered alloying element + 20% ammonium

chloride. Nitrocellulose varnish is used as the binder. The

process parameters that are optimum from the standpoint of

ensuring efficient heating of the part without fusion are: volt-

age U = 35 – 40 V; current I = 13 – 15 A; duration of the

process 3 min.

After the treatment, we studied the structure and phase

composition of the surface layer of the specimens and de-

termined the layer’s thickness, microhardness, and wear re-

sistance. Metallographic studies were performed on an

AXIOVERT 40MAT microscope, the fine structure was stud-

ied with an HITACHI S-800 scanning electron microscope,

and phase composition was examined by performing an

x-ray structural analysis on a DRON-3 diffractometer.

Microhardness was measured on a PMT-3 microhardness

tester.

RESULTS AND DISCUSSION

Essence and Mechanism of TCT in the Plasma

of a Hydrostatic Discharge

The thermochemical treatment of products in a hydro-

static glow-spark discharge (low-temperature plasma) is car-

ried out in an electrolyte (an aqueous solution of ammonium

chloride) inside an open reactor (at atmospheric pressure).

Rectified voltage is supplied to the part being treated (the

cathode) while it is submerged in the electrolyte and to a hard

electrode of chromium-nickel steel (the anode). A gas-vapor

envelope of vapors of the electrolyte is formed near the sur-

face of the part. The envelope is approximately 50 – 120 �m

thick, and water and salts react to form nitrogen ions inside

it. The envelope is a low-temperature plasma and is an active

saturating atmosphere for nitriding. Micro-discharges take

place in the hydrostatic plasma as it interacts with the surface

of the part, and the conditions that are created are such as to

make it possible to sustain a steady electrical current. For ef-

ficient combustion of the plasma, the area of the cathode

should be five times smaller than the area of the hard anode.

A hydrostatic discharge develops in several stages. The

salt undergoes electrolysis with a smooth increase in the ap-

plied direct voltage. This stage of the process is characterized

by a proportional increase in current with an increase in volt-

age in accordance with Ohm’s law and corresponding in-

creases in the temperature of the electrolyte.

When voltage reaches a certain value (100 – 180 V) on

the surface of the part-cathode, the electrolyte on the elec-

trode begins to boil and nucleate boiling develops. The tem-

perature of the part is close to the temperature of the electro-

lyte while nucleate boiling takes place. A further increase in

voltage initiates film boiling, which is characterized by a

sharp reduction in current due to the fact that the gas-vapor

envelope which is formed has a higher resistance than the

liquid electrolyte. The formation of the envelope and the pas-

sage of electrical current through it result in the formation of

a low-temperature plasma that creates a blue glow around the

part. A further increase in voltage results in the occurrence of

an anomalous discharge.

Figure 1 schematically depicts the process by which an

iron matrix is saturated by nitrogen in an HSD plasma. Dur-

ing combustion, the vapor-gas envelope forms a low-tempe-

rature HSD plasma that contains nitrogen ions. When those

ions collide with the surface of a steel part, they interact with

the ions of the metal and penetrate deeply into the part. In

light of the fact that the gas-vapor envelope has a lower ther-

mal conductivity than the liquid electrolyte, the temperature

of the part increases sharply because of the reduced heat-

transfer coefficient in the liquid. This in turn accelerates the

diffusion of nitrogen in the metal and the formation of the

diffusion layer in accordance with the laws of TCT.

When the voltage is cut off, the gas-vapor envelope col-

lapses due to the end of the ion bombardment, the part cools

as a result of heat exchange with the surrounding medium,

and nitrogen quenching takes place.
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Fig. 1. Diagram of saturation of an iron matrix with nitrogen in an

HSD plasma.



Diffusion saturation of a part with metal from an applied

slip requires a higher temperature than the nitriding opera-

tion [6]. The temperature reached in TCT in an HSD plasma

can be increased by decreasing the amount of heat removed

from the surface of the part and increasing the current. The

thermal conductivity of the electrolyte is reduced by making

it thicker with the addition of graphite. Having a high ther-

mal conductivity, graphite also makes it possible to increase

the current. In addition, the carbon prevents oxidation of the

surface of the specimen. Combined metal plating and

nitriding is made possible by the simultaneous presence of

nitrogen and chlorine ions in the electrolyte and the slip. The

nitrogen ions provide for diffusion saturation with nitrogen,

while the chlorine ions help transport the alloying element

(the metal) to the surface of the part being treated.

The mechanism by which the formation of a diffusion

layer in steel is sped up during TCT in an HSD plasma en-

tails the acceleration of the elementary processes that take

place: dissociation, which leads to the rapid formation of ac-

tive ions of nitrogen; high-rate adsorption, which occurs as a

result of ion bombardment of the surface; the diffusion of the

saturating elements in the metal, which takes place due to a

local increase in temperature.

Determination of the Temperature Conditions for TCT

in an HSD Plasma By Mathematical Modeling

One feature of thermochemical treatment in an HSD

plasma is the existence of a substantial difference between

the temperature of the part and the temperature of the gas-va-

por envelope. This difference makes it difficult to reliably

determine the temperature conditions during the saturation

process. We constructed a mathematical model of these con-

ditions in order to determine the temperature of the part.

The following main factors affecting the temperature to

which the part is heated were chosen as the initial parameters

for the calculation: voltage U; cathode radius R (the cross

section of the cylindrical part); depth of immersion of the

part in the electrolyte h.

The below formula for calculating temperature was ob-

tained by analyzing the quantitative relationships between

these parameters [7]:

T =
2 2

2
U hk

d R� ��

,

where � is the resistivity of the gas-vapor envelope; d is the

thickness of the envelope; � is the heat-transfer coefficient

for the transfer of heat from the metal into the surrounding

medium; � is the thermal conductivity of the material of the

part; k is a coefficient that accounts for the fraction of energy

which is transferred from the envelope to the electrode.

A factorial experiment was performed under laboratory

conditions to check the accuracy of this equation. The levels

of variation of the input parameters in the experiment were

determined by the regimes of the process and the capabilities

of the laboratory equipment. Only the linear terms turned out

to be significant in the ranking of the factors. The pairwise

interactions were found to be insignificant, the confidence

level associated with this determination being 0.95. This

makes it possible to study the dependence of the temperature

of the part on the geometric parameters by varying them one

by one. The calculations showed that temperature increases

with an increase in the depth of immersion of the specimen

in the electrolyte, an increase in voltage, and a decrease in

the radius of the cylindrical part-cathode (Fig. 2). These find-

ings were corroborated by the experimental measurements.

Structure and Properties of Modified Layers

During the saturation of Armco iron from a nitrogen-

bearing plasma over a period of 1.5 min, a nitrided layer con-

sisting of a zone occupied by chemical compounds (the

�-phase) and an internal nitriding zone with ��-phase precipi-

tates are formed in the specimen. The first zone is 30 �m

thick, while the second zone is 150 �m thick.

Differences were found in the structure of the nitrided

layer in carbon and alloy steels. For example, a dense �-phase

zone 20 – 30 �m thick was observed in steel U8 after nitri-

ding for 2 min. Located under this zone was a 20-�m-thick

zone of nitrogen-bearing martensite formed as a result of ni-

trogen quenching (Fig. 3a ).

An �-phase layer 15 �m thick is formed on the surface of

chromium steel 20Kh13 above an internal nitriding zone

which has a thickness of approximately 100 �m and contains

precipitates of nitrides and carbides of chromium (Fig. 3b ).

The chromium carbides are coarser and are located both in-

side the grain and along its boundaries, while the chromium

nitrides are significantly smaller and have a maximum size

of 100 nm (Fig. 4).

After hydroplasma nitriding, the hardness of the different

steels studied here increased (to 13 – 16 GPa) compared to

the hardness of the steels in the untreated state. The wear re-
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Fig. 2. Dependence of the temperature to which the surface of the

product is heated on its depth of immersion h (a) and radius R (b ):

1 ) R = 3 mm, U = 180 V; 2 ) R = 4 mm, U = 180 V; 3 ) h = 15 mm,

U = 200 V; 4 ) h = 15 mm, U = 170 V.



sistance of the high-chromium steels tripled after HPN. The

wear resistance of the nitrided austenitic chromium-nickel

steels (40Kh12R8G8MFB, Kh12N22T3MR) increased while

corrosion resistance remained at a satisfactory level [4].

Slip-mediated plating of the carbon steels by transition-

group metals (W, V, Cr, Co, Ti, Nb, Mo) in a nitrogen-bear-

ing HSD in the presence of graphite results in saturation of

the surface of the product by metal, carbon, and nitrogen and

the formation of diffusion layers of complex composition.

The diffusion layers have thicknesses within the range from

40 to 90 �m, the exact thickness of a specific layer depend-

ing on the type of alloying element (see Table 1).

Such a combination treatment is can be classified as me-

tallic carbon nitriding, and the diffusion layer that is formed

is a second-order internal nitriding zone. The modified layer

usually contains nitrides, carbides (carbonitrides), an alloy-

ing element, intermetallide phases, and in some cases nitrides

(carbonitrides) of iron precipitated in a solid solution doped

with nitrogen and metal: Fe
x
Me

y
Me

x
(C, N) + �(Me, N).

Mainly nitride phases are formed by surface alloying with

strong nitride-forming elements such as titanium.

The modified layers are distinguished by high micro-

hardness (Fig. 5), the level of which depends on the volume

fraction and dimensional characteristics of the nitrides

(carbonitrides) of the alloying elements. The volume fraction

and dimensional characteristics of the nitrides are in turn de-

termined by the thermodynamic affinity of the alloying ele-

ments for nitrogen (carbon) and the concentrations of those

elements and nitrogen in the solid solution.

Studies showed that there are certain distinctive features

to the structure of the modified layer in steel 40 that is ob-

tained when slip-mediated plating with aluminum is com-

bined with nitriding in an HSD plasma (Fig. 6a ). A 25-�m-

thick film of the oxide Al
2
O

3
is seen on the surface and is fol-

lowed by a transitional diffusion layer that has a thickness of

roughly 70 �m and contains high concentrations of alumi-

num, carbon, and nitrogen and precipitates of the alumi-

num-alloyed ��-phase. Below the transitional layer is a char-

acteristic hypereutectoid structure with a carbide network

along its grain boundaries and martensite needles inside the

grains. The total thickness of the hardened layer is about

150 �m.
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Fig. 3. Microstructure of steels U8 (a) and 20Kh13 (b ) after

nitriding in an HSD plasma.

Fig. 4. Morphology of carbides and nitrides of chromium in steel

20Kh13 after nitriding in an HSD plasma (HITACHI S-800 scan-

ning electron microscope), 	 25000.
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Fig. 5. Maximum microhardness of a hardened layer of steel 40 af-

ter slip-mediated plating with different elements and nitriding in an

HSD plasma.

TABLE 1. Phase Composition and Thickness of the Modified

Layer of Steel 40 after Metallic Carbon Nitriding in an HSD Plasma

Alloying

element
Phase composition

Thickness

of layer,

�m

W �(W, N) + W
2
N+ ��-Fe

4
(N, C) 40

V �(V, N) + V(N, C) 80

Mo �(Mo, N) + Mo
2
N + Fe

7
Mo

6
+ ��-Fe

4
(N, C) 90

Nb �(Nb, N) + Nb(N, C) 60

Cr Cr
2
O

3
+ �(Cr, N) + CrN + Cr

2
N + ��-Fe

4
(N, C) 70

Ti �(Ti, N) + Ti(N, C) + Fe
2
Ti 65



The curve that describes the distribution of microhard-

ness in the alumo-nitrided layer contains several sections

corresponding to specific features of the layer’s phase com-

position (Fig. 6b ). The maximum hardness of 15000 MPa is

seen on the surface in the region where aluminum oxide

forms. Hardness then decreases sharply to 8000 MPa in the

transitional zone, this being followed by a smooth decrease

in hardness (to 2000 MPa) in the direction of the core over a

distance of roughly 100 �m. An abrupt decrease in hardness

at a depth of 20 – 40 �m and the presence of a cementite net-

work are prerequisites for an increase in the brittleness of the

layer.

Brittleness can be avoided by ensuring that microhard-

ness changes smoothly through the entire thickness of the

layer. Experiments showed that it is possible to achieve suffi-

ciently high hardness, have it change smoothly through the

thickness of the layer, and still obtain the anti-corrosion

properties realized with alumo-nitriding by resorting to

multi-component saturation. The combination of properties

just mentioned is obtained when slip-mediated plating with

aluminum and titanium is combined with nitriding in an

HSD plasma. The hardness of such a coating (7000 MPa) is

higher than that of the coating obtained by alloying with tita-

nium alone but is lower than that of the coating obtained

through saturation with just aluminum. However, the micro-

hardness is evenly distributed over the layer, which accounts

for the favorable nature of the internal stresses that are cre-

ated. These stresses help reduce brittleness and increase wear

resistance.

Thermochemical treatment in an HSD plasma is being

used to improve the service properties of products employed

in the fabrication of farm machinery that is subjected to rapid

wear in aggressive media: moisture, animal fats, acids, and

sand. The treatment of wire-based steel U8 products in an

HSD plasma leads to the formation of a structure composed

of a surface �-phase that is responsible for corrosion resis-

tance and a nitrogen-bearing martensite layer that is as much

as 16 GPa harder than quenched steel.

The technology of hydroplasma nitriding has been tested

for the surface-hardening of steel fasteners used in well-log-

ging modules employed in the oil and gas industry. During

service, parts of the module (shafts, screws, nuts, pins, jaws,

sleeves, and clamps made of alloy steels) come into direct

contact with drilling fluid and the wall of the borehole. In the

process, they are subject to hydroabrasive wear and corro-

sion in an aggressive medium that contains water, oil, salt so-

lutions, natural gas (methane), hydrogen, acids and alkalis,

and hydrogen sulfide. The parts of the module are simulta-

neously subjected to significant gradients of hydrostatic

pressure (0.1 – 150 MPa) and temperature (from – 45 to

+ 450°C). The tests showed that the service properties of

nitrided chromium steels under such conditions are apprecia-

bly superior to the properties of untreated steels and steels

hardened by conventional TCT methods. The hardness of the

modified layer of the various steels that were tested was

4.7 – 5.7 times greater than the hardness of the same steels

without treatment and 1.4 – 3 times greater than the hardness

of the diffusion layers obtained by classical nitriding meth-

ods. The service life of different parts under conditions that

exposes them to wear and dynamic loads was shown to be in-

creased by a factor in the range 3 – 7.5 through the use of

HPN.

CONCLUSIONS

Thermochemical treatment in a low-temperature HSD

plasma — a process referred to as hydroplasma nitriding —

has been proven effective for increasing the hardness and

wear resistance of carbon and alloy steels. One variant of this

technology entails the combined saturation of steels with ni-

trogen, carbon, and an alloying metal (W, V, Cr, Mo, Ti, Al)

from an HSD plasma. This variant makes it possible to regu-

late the level of hardening and the character of the hardness

distribution through the thickness of the hardened layer. One

advantage of thermochemical treatment in an HSD plasma is

the high rate of diffusion saturation of steels by nitrogen and

other elements.

The process has been tested for practical use with the ob-

jective of increasing the service life of small parts used in

machines and equipment employed in agriculture and the oil

and gas industry.
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