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Anpobosanuii innoseauiinuii cno-
ci0 xomnaexcnoi o0pobxu 0ns cmanei
3 HU3LKOW memnepamyporo 6ionycmxy,
AKUU 6KJI0UAE NONEPEeOHE A30MYEAHHS
8 6aAKYYMHOMY 2a3080MY PO3p0di nepeo
3azapmyeannam i HU3bKUM éionycxkom. B
UbOMY 6UNAOKY NPU A30MYBAHHI memne-
pamypa Hazpisy Mauio 6nauU6ae Ha NPouec
sucoxomemnepamypmoi oo6poéxu, a npo-
Uec azomyeanHHs 3HAMHO NPUCKOPIOEMDb-
¢ (0cKinbKu amomu azomy aezuie nPOHU -
Karomo 6 He3azapmosany cmanw). Ilicas
ocmamounoi mepmoo6poéxu ue npuseo-
dumv 00 36invwenns 0o 2000 mxm eau-
Ounu NPoHUKHEHHA amoMmie azomy i mog-
wunu opmyeanns obaacmi 3 nideuwe-
1010 meepdicmio

Kntouosi cnoea: ionne azomyeanus,
Komnaexcna oopoora, oudysia, enubuna
enausy, oudpaxuiiini cnekmpu

[, u|

Anpobuposan unmo8aAUUOHHBLE CnO-
o0 Komnaexcnol obpabomxu 0asa cma-
Jiell ¢ HU3KOU memnepamypoil omnycka,
KOomopbulil 6Kat0uaem npeosapumenvHoe
azomupoeanue 6 6aKYYMHOM 2A3060M
paspsoe nepeo 3aKanKoi U HUKUM Omny-
ckom. B amom cayuae npu azomupoea-
HUU meMnepamypa Hazpeea MAauo 61uUsl-
em Ha npouyecc 8vicOKOmMeMnepamypHou
o0pabomxu, a npouecc azoMuUpPosanus
3HauumenvbHO Ycxkopsemcs (NOCKONb-
KY amomvl azoma Jiezue NPOHUKAOM 8
He3aKajieHHyl cmaav). IMmo npusooum
nocjie oxonuameabHoOu mepmooépadom-
Ku x yeeauuenuto 00 2000 mxm enyéuno.
NPOHUKHOBEHUS AMOMOE A30MA U MOTULU-
Hbl popMmuposanus odaacmu ¢ nogvluien-
HOU meepoocmvio

Knrouesvie crosa: uonnoe azomuposa-
Hue, Komnaexcnas obpabomxa, oupdy-
3ua, enybuna eosdeiicmeus, oudparuu-
OHHbLEe CneKmpoL

o o

1. Introduction

Practically all criteria of working ability are determined
by the properties of surface layers — they in particular must
be improved first of all [1, 2]. In this case, high surface hard-
ness in the presence of large tensile stresses leads to brittle
failure and crumbling, thus enhancing abrasive wear [3], and
large compressive stresses — to plastic deformation of the
base and its flow [4].

It was established [5] that in the case of surface modi-
fication by applying coatings, the destruction of the system
coating-base begins essentially from the plastic deforma-
tion of substrate layer near the interface boundary [6]. In
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order to improve functional properties, they use in such
cases creation of special phase [7] or structural [8] states,
composite materials [9] and strengthening of boundaries
through the distribution of “useful additives” [10]. Al-
though this ensures, in a number of cases, improvement
in the operational characteristics, it has, however, low
efficiency at work under conditions of multicycle impacts
and high loads.

The modification of structure and surface properties by
nitriding makes it possible to considerably improve their
hardness, wear resistance, thermal stability and other func-
tional characteristics, including at operation under condi-
tions of multicycle impacts and large loads. That is why stud-




ies directed to the development of innovation technologies of
nitriding are relevant and required by industry.

2. Literature review and problem statement

Depending on the operating pressure, they use at nitrid-
ing: high-vacuum technologies (for the high-voltage sources
of gas ions [11]), low-vacuum conditions (for the nitriding in
the glow discharge [12]) and technologies of nitriding under
atmospheric pressure (“furnace nitriding” [13]).

The most widely used in industry at present is the meth-
od of “furnace nitriding” of steels with the application of
ammonia at temperatures from 500 to 600 °C. The use of
this technology makes it possible to attain a thickness of
the nitrided layer in the range of 0.2—0.6 mm over a period
from 10 to 90 the hours of treatment [14]. The application of
catalytic nitriding employing special catalysts for the ammo-
nia disassociation makes it possible to decrease duration of
treatment in furnace to two times [15].

To considerably increase intensity of the process of
diffusion saturation of the surface with nitrogen is possible
through ionic nitriding with the use of the low-temperature
plasma [16]. In this case, energy of the diffusion activation
is greatly reduced (in comparison with the thermal “furnace
nitriding” [17]), while a diffusion coefficient increases [18].

Tonic nitriding in the gas plasma of vacuum-arc installa-
tions at temperatures from 500 to 600 °C makes it possible
not to reduce duration of nitriding to 1 hour only. The ionic
nitriding (in comparison with the furnace nitriding) also
allows improving relative wear resistance of the
nitrided layer [19]; it enlarges the possibilities to
regulate phase composition [20, 21] (by changing

leads to the crumbling of the surface. This is linked to
the fact that formation of brittle nitride zone significantly
decreases plasticity of the nitrided layer [28]. That is why
exploratory research has been conducted in recent years
into technologies that would yield the process of nitriding
with the larger uniformity of nitrogen distribution and at
the larger depth [29].

3. The aim and objectives of the study

The aim of present study is to verify an innovation tech-
nique of nitriding steel articles with a low temperature of
tempering. Innovation technique is based on a change in the
sequence of regimes and number of cycles of thermochemical
treatment of articles: preliminary nitriding in the vacuum
gas discharge and subsequent hardening and tempering.

To accomplish the aim, the following tasks have been set:

— to conduct comparative study into influence of the in-
novation technology of ionic nitriding on the structure and
hardness of steels of different class;

—to determine a phase-structural state, critical for an
increase in the hardness of a near-surface region.

4. Materials, methods of their processing and research

We employed as the source materials of nitriding samples
made of steels KH12MF, 9KHS and 40KH whose chemical
composition is given in Table 1.

Table 1

Chemical composition of steels KH12MF, 9KHS and 40KH

energy character.istics of Fhe process or chgnging Chemical composition, %
the ratio of working gases in the mixture (nitrogen Steel ,

. . . . Ni | Cu | S | p
and argon) [22]); as well as it makes it possible to grade C Si Mn Cr izher th
eliminate harmful effect of ammonia [23]. In the [Ot Tugner than
process of saturation, under the action of ionic KH12MF| 145-1.65] 0.1-04 | 02-05 |11.0-12.5/035] 0.3 ] 0.03 | 0.03
bombardment. excess concentration of tructural | 9KHS |085-0.95 | 1.20-1.60[0.30-0.60[0.95-1.25]0.350.30]0.030[0.030
defects occurs in the material [24]. This contrib- | 40KH | 0.36-0.44]0.17-0.37]0.50-0.80[ 0.80-1.0 [0.30[0.30[0.035[0.035

utes to an increase in the intensity of diffusion

processes (including the mass transfer of nitrogen [18])
and creates a possibility for the occurrence of new phases
(based on the compounds with nitrogen, as an S-phase and
others) [25, 26]. Such phases do not form undeer conditions
of usual saturation with nitrogen at an elevated temperature.

Such nitriding is typically conducted after high-tem-
perature treatment and mechanical machining [27]. In this
case, in the process of nitriding, the articles are exposed to
negative potential from 800 to 1300 V [16], while regulating
its magnitude so that to support the temperature of articles
within the range from 500 to 600 °C at arc currents from
50 to 100 A. Hardness of article surface after nitriding is
high and reaches the level to 11-17 GPa depending on the
composition of steel.

However, by using the methods described above, it is
not possible to nitride the articles made of steels with low
temperatures of tempering, for example, 40KH, 9KHS,
KH12MF and others, since the temperature of nitriding
exceeds the temperature of tempering.

Furthermore, an analysis of the results of operational
tests of nitrided steels, which work under conditions of
impact-cyclic loads, revealed that the formation of nitrid-
ed high-hard layer with a sharp boundary on the surface

Field of application of steel of grade KH12MF is the
dies of complex shape, gears, knurl screw dies, portages,
matrices and punches of cutting dinking dies with complex
configuration of working parts. Steel of grade 9KHS is used
in the production of screw dies, markers, punches. Steel of
grade 40KH is related to the pearlitic class and is used for
manufacturing different gears, axes, critical machine parts,
connecting rods, bushings and other components with en-
hanced strength.

In the present study, we applied a technique for nitriding
steel articles in the vacuum-arc gas discharge [16], according
to which the nitriding is also conducted after high-tempera-
ture treatment and mechanical machining. This technique
is executed in the installation with a vacuum chamber,
equipped with vacuum-arc vaporizers. Fig. 1 shows a dua-
gram of the installation “Bulat-6” (Ukraine), designed for
the nitriding in the arc gas discharge.

Vacuum-arc vaporizer 1, whose housing is electrically
connected to the housing of vacuum chamber 2, is equipped
with slit screen 3, which does not pass the ions of the evap-
orated metal of cathode but which does not impede the pas-
sage of gas particles and electrons. The housings of other two
vacuum-arc vaporizers 4 and 5 are isolated from the chamber



and serve as anodes of the two-stage vacuum-arc discharge
in the working volume of the chamber.

When vaporizer 1 is enabled (it serves as electron emit-
ter), in the presence of nitrogen, supplied to the chamber
with flow regulator 11, in the vacuum chamber there occur
gas arc discharges when we feed positive potentials from
power units 6 and 7 to the housings of vaporizers 4 and 5.
Steel articles 8 receive negative voltage of 800...1300 V from
high-voltage source 9, the magnitude of voltage is changed
depending on the required temperature of nitriding, which
occurs as a result of the bombardment of the surface of steel
articles with nitrogen ions from the arc discharges. In order
to ensure uniformity in the heating of articles, they are posi-
tioned on the revolving rotation device 10.

+

6

=
N9

Fig. 1. Schematic diagram of the vacuum-arc installation
of the type “BULAT-6" for ionic nitriding: 1 — vacuum-arc
vaporizer; 2 — vacuum chamber; 3 — slit screen;

4, 5 — vacuum-arc vaporizers; 6, 7 — power sources of gas
discharge; 8 — nitrided articles; 9 — high-voltage source;
10 — rotation device; 11 — flow regulator

Nitriding was applied to the batches of punches made of
steels KH12MF, 9KHS and 40KH (Fig. 2) in as-received
condition. Nitriding was conducted after preliminary evac-
uation up to a pressure of 0.003 Pa with subsequent suppply
of nitrogen up to a pressure of 0.65 Pa. At negative potential
on the punches of 950 V, we maintained temperature of ni-
triding at 550 °C for one hour.

Heat treatment after nitriding was performed in the muf-
fle furnace and comprised hardening and low temperature
tempering (executed in one- or double cycle).

Fig. 2. General view of the punch made of steel 40KH

Metallographic examinations of microstructure were
carried out by the method of optical microscopy of the
cross-sections of samples.

Etching was carried out with the solution of nitric acid
(HNOg3), chloric iron (FeCly) and adding special compo-
nents for the etching of base steels for 15-20 seconds.

We used the microscope Optika XDS-3 med to investi-
gate the microstructure of samples at magnification 50, 100,
500 times.

Phase composition and structural state were investigated
by the method of X-ray diffraction on the diffractometers
DRON-3M and DRON-4 (Russia) in the emission Cu-K,
with the use in the second beam of graphite monochromator
and a high degree of collimation [30]. We took images under
pointwise regime with the step of scanning A(20)=0.05+0,2°
and the duration of the accumulation of pulses at each point
20+40 s.

The measurement of microhardness was carried out on
the instrument PMT-3 with the load of 200 grams and aper-
ture of 15 seconds according to GOST 9450-76.

In order to determine the magnitude of microhardness,
we measured the magnitude of the imprint of indentor by the
method, with which the intersection moves along the bisec-
tor of the angle between diagonals. This method provides a
possibility to measure both diagonals of the imprint with the
constant position of eyepiece micrometer.

5. Investigation of the effect of complex treatment on the
microstructure and microhardness of different types steels

Microstructure of the sample made of steel KH12MF
after complex treatment (under the mode: ionic nitriding —
hardening — low temperature tempering) is shown in
Fig. 3, a; the distribution of microhardness by depth — in
Fig. 4, a. Metallographic analysis shows that microstructure
has different morphology by depth, which means different
properties, also confirmed by data on microhardness. Thus,
a surface layer with depth of up to 130-150 pm has a pro-
nounced interface with the base metal. The structure of het-
erogeneous surface layer can be divided into three zones: sur-
face zone 1, with depth of up to 15-20 um, with low hardness
to 2990 MPa, this is a zone of maximal decarbonization (dark
structure). Zone 2 is the zone of decarbonization, with depth
of 25-30 um of microhardness at 5235 MPa, the structure
corresponds to alloyed ferrite with dendritic grains whose
direction corresponds to the character of heat withdrawal.
Zone 3 of the surface layer has a mixed type structure: from
alloyed a-Fe (whose degree of alloying grows by depth) to the
high-carbon alloyed a-solid solution with carbides of iron and
chromium. The microhardness of this transition zone by depth
grows from 5250 to 8000 MPa. Beyond the surface layer is
the structure of the basic nitrided matrix with a hardness of
8800-9150 MPa whose maximum hardness corresponds to a
depth of about 500 pm. An increase in the hardness, from the
near-surface layer to the basic structure, at depth from 200 to
500 um, is almost 500 MPa, which is explained by the release
of not only alloyed (special) carbides, but also carbonitrides
(at depth from 250 pm).

In the articles made of steel 9KHS, nitriding with sub-
sequent heat treatment also led to the formation of surface
layer with decreased hardness (Fig. 4, b). High-hard state in
this case is attained at depth larger than 600 pm.

Analogous result, which testifies to the generality of
diffusion processes, which lead to the reduction in surface
properties and their increase at depth, was obtained also on
the parts made of steel 40KH. Fig. 3, b, 4, ¢) show that after
complex treatment (similar to the previous types of steels),
surface layer of =200 pm has lowered hardness. At larger
depth, after complex treatment, the magnitude of hardness
is at the level of 7900—-8000 M Pa, which is somewhat higher
than the hardness of steel 40KH after standard high-tem-
perature treatment (Fig. 4c, dependence 2).




Fig. 3. Microstructure of steels after complex treatment:

a — KH12MF; b — 40KH (x500)
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Fig. 4. Microhardness of steels after complex (nitriding and
heat treatment) (1) and standard heat treatment (2):

a — KH12MF; b — 9KHS; ¢ — 40KH

Thus, the allowance predetermined in the pro-
duction makes it possible, after nitriding and heat
treatments, to polish to the finished size, clearing
away the defective layer together with the allow-
ance with a thickness of about 0.2 mm.

For the punches made of steel 40KH, removal
of the surface technical layer yields to the sur-
face of operating layer with hardness exceeding
8000 MPa (hardness of steel 40KH after a stan-
" dard high-temperature treatment (hardening and
tempering) is 6000 M Pa).

According to data of X-ray diffractometry,
after removal of the technological decarbon-
ized layer with a thickness of about 200 pum, the
structure of high-hard layer represents a two-
phase composition from the mixture of a-Fe phase
grains and the grains of lower nitride Fe,N (Fig. 5,
spectrum 1).

At larger depth (100—400 pm from the high-hard
surface) where the hardness is 7900-8000 MPa,
a solid solution of a-Fe, supersaturated with ni-
trogen atoms, forms (Fig. 5, spectrum 2). The
supersaturation is evidenced by the enlarged
period of lattice from 0.2914 nm to 0.2353 nm;
in this case, a finely dispersed structure with the
size of regions of coherent scattering about 10 nm
is formed.
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Fig. 5. XRD-spectrums of the sample made of steel 40KH
after complex treatment and removal of the technological
layer with low hardness: 1— high-hard surface;

2 — near-surface layer (100—400 pym) with enhanced hardness

6. Discussion of results of complex treatment of steels

At classical nitriding, it is possible to attain very high
hardness of the nitrided layer (12—14 GPa), but its depth
is only 20-60 pm. In this case, the material of this layer is
characterized by high heterogeneity and brittleness. For the
parts that work under conditions of impact loads, such layer is
critical and is subjected to destruction. In order to make the
process of nitriding effective for the parts of the type of dies,
punches, which operate under conditions of multicycle, alter-
nating, impact load, we proposed and tested conducting, after
the nitriding, of heat treatment. Such procedure of treatment
made it possible to extend the strengthened layer to larger
depth, while the surface layer becomes less rigid and easily
workable at the last stage of finishing. The thickness of surface
layer (150—-200 pum) with relatively low hardness is the opti-
mal thickness, which is actually the allowance for finishing.




Deeper located is the operating layer of thickness to
2000 pm, which enables to carry out finishing of a part
without additional strengthening, since the reinforced layer
is sufficiently large. Thus, resource of the part increases
considerably.

Thus, the technique verified under actual conditions
is applicable for the nitriding of steels with a low tempera-
ture of tempering and consists of the ionic nitriding in the
vacuum gas discharge before hardening and tempering.
That is why the heating temperature during ionic nitriding
influences little the process of high-temperature treatment.
Hardness of the surface of articles after this sequence of op-
erations for steels with the low temperature of tempering is
at the level of 8-10 GPa.

In this case, the process of nitriding is accelerated con-
siderably, since nitrogen atoms penetrate untempered steel
more easily, and thus the duration of nitriding does not
exceed 1 hour. Only one-time mechanical machining will
suffice after the completion of the process of thermochemical
treatment, removing a layer of about 200 pm with lowered
hardness.

Results obtained in the course of study formed a ba-
sis for the directed surface modification of the industrial
parties of punches of different purposes. At present, their

production tests are conducted with the accumulation of
statistical data.

7. Conclusions

The complex innovation treatment, which includes the
process of ionic nitriding with the subsequent heat treatment
in the form of hardening with subsequent tempering, makes
it possible to substantially increase the depth of structure
modification and enhance hardness, and, therefore, to im-
prove working ability of parts made of steels with the low
temperature of tempering.

1. An analysis of microstructure that we performed for dif-
ferent types of steels, exposed to complex treatment, revealed
the generality of an increase to 2000 pm of thickness of the pen-
etration of nitrogen atoms and the formation of region with the
changed structure and enhanced hardness. In addition, general
is the formation of the surface decarbonized (technological)
layer. Such layer is the allowance for finishing in order to obtain
the required accuracy of dimensions and surface finish.

2. We determined phase composition of the nitrided lay-
er with high hardness, which consists of lower nitride Fe,;N
and the solution of nitrogen in a-Fe.
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