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Wuctutyt npobnem npounoctu um. I'. C. [Mucapenko HAH VYxkpaunsl, Kues, Ykpanna

Paccmampusaemcs UHHOBAYUOHHAS MEXHONO02UA, pazpabomarnas ¢ HHcmumyme npobiem npou-
nocmu um. I'. C. I[Tucapenko HAH Yxpaunvl, a umenno: uMnyioCHas mexHON02Us HaHeCeHUs UOHHO-
NIA3MEHHBIX NOKPLIMUL, UCNONb308aHUEe KOMOPOU NO360JAem NOAyHUMb OuDPy3uontsle ciou ¢
HeoOX00UMOU CMPYKMypou nymem YnpAeieHus Npoyeccom OUuG@y3uoHHO20 HACLIWEHUs U e2o
onmumuzayueti 8 3a8UCUMOCIU OM KOHKPEMHLIX mexHuueckux mpeboganuil. Ilpu smom ouggpy-
3UOHHBIE COU C A30MUPOSAHHBIMU U HEAZ0MUPOSAHHBIMU (a3amu Mo2ym Oblmb NOJYYeHbl nymem
Pe2VIUPOBAHUs COCMABA UOHUSUPOBAHHBIX 2A306 U UHMEHCUBHOCMU maeouje2o paspaoa. ITlpeona-
eaemas UHHOBAYUOHHASL MeMOOUKA, 3ANaAmeHMoSaHHas HA HAYUuoHanrbHoM ypoene 6 2013 200y, @
Hacmoswee epems UCNONL3Yemcs Ol NPOMbIUAEHHO20 6HEOPEHUs HA Ome4yecmEeHHbIX dAemo- u
asuapemonmuulx 3aso0ax. Kpamkuii 0630p cospemennvix npomMuluiienHbX pazpabomox & 3moil
obracmu nokazvieaem, 4mo npeoioHCeHHAs MeMOOUKA MOHCEm Oblib UCNONb30BAHA 68 COBPEMEHHbIX
KOMMEPHECKUX NPUNodHCcenuax/komnaekcax ona namecenus PVD-nokpuimuil. [Ipeocmaenennvie pesyio-
mamvl IKCNEPUMEHMANLHBIX UCCIeO08AHUN CIMAMUYECKOU U YCIMALOCMHOU NPOYHOCIU, a4 MAKICe
UBHOCOCMOUKOCIU 6 A2pecCUsHbIX cpedax obpaszyos uz cmanu 40X13 ¢ HaneceHHbIMU NOKPLIMUAMU
1O UMNYIbCHOU MEXHOI02UY NOOMBEPAHCOAIOM €€ NONOICUMENbHbIL IPghexm.

Knrouesvie cnosa: TepMONMKINICCKUES HOHHO-TIIA3MEHHBIC TIOKPBITHS, TEPMOIHKINYECKOE
HOHHOE a30THPOBaHUE, (HU3UIECKOE OCAKICHHE MAPOB, TIICIOIINIA Pa3psil, YCTATOCTh, H3HOC.

Introduction. The process of vacuum ion-plasma nitriding (VIPN) of materials was
invented over 60 years ago, but is still treated as quite exotic for the majority of the
enterprises of mechanical engineering in Ukraine. However, complexities related to
implementation of this method, such as high cost of equipment, necessity of ensuring strict
vacuum standards are fully compensated by high quality of the treated products, drastic
cost reduction, and high ecological safety [1-3].

In comparison with widely used expedients of strengthening chemical-thermal
processing of steel parts, such as cementation, nitrocementation, carbonitriding cyanidation
and gas nitriding in furnaces, the VIPN method has the following basic advantages: higher
superficial hardness of the nitrated parts, lack of deformation of parts after processing,
increased endurance limit and improved wear resistance of treated parts, possibility of
processing blind and through holes, invariable hardness of the nitrated layer after heating to
600-650°C, possibility of producing layers of the required composition, possibility of

* Abridged version of Keynote Report at Second Global Annual Conference “Materials Science and
Engineering” (CMSE2013, November 20-22, 2013, Xianning, Hubei, China).
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processing large and complex-shaped products; absence of environmental contamination,
essential treatment cost reduction, as well as lower treatment temperature, which excludes
structural transformations [4-8].

At the Pisarenko Institute of Problems of Strength of the National Academy of
Sciences of Ukraine a new ionic-plasma thermocyclic nitriding (IPTN) technology was
developed, which is based on academic developments such as the theory of thermal fatigue,
abnormal mass transfer under mechanical loading conditions, and the effect of discrete
energy input. This technology, which is protected by the patent of Ukraine [9], has the
following advantages:

(i) only surface layers of treated article are heated without warming its core. Heating
is provided by the glow discharge energy, so no furnace is required for heating;

(i) cyclic heating and cooling of treated article induce thermal stresses in the surface
layer, which enhances diffusion processes by 2-3 times with respective treatment time
reduction;

(iii) since the shape, dimensions, and surface roughness of treated article remain
unchanged, no finishing treatment is further required,

(iv) short-term treatment duration, cyclic nature of high-speed discrete energy input,
and heat localization in the the surface layer strongly reduces energy consumption costs.

Preliminary industrial tests confirmed the possibility of replacing the processes of gas
nitriding and cementation by the IPTN in the environment of nitrogen and argon mixture.

This technique is currently used for small-scale industrial implementation in domestic
aircraft and machinery repair shop-and-plants, and is can be utilized in the available
commercial applications for physical vapor deposition (PVD) of coatings, including NNV
6.6. 14 unit produced by VNIIINSTRUMENT (Russia) [10], the division of ion-plasma
coatings of Saturn (Rybinsk, Russia) [11], lonitech (Bulgary) [12], and PLATIT p-80
Ion-Plasma Unit (Platit Co., Switzerland) [13]. Analysis of these potentials is not detailed
here for brevity, but noteworthy is the appearance of a competing alternative technique of
pulsed-DC plasma assisted chemical vapor deposition of ion-plasma coatings recently
proposed and verified on H13 hot work tool steel by authors [14]. In this article, we’ll
focus on the effects of the proposed IPTN treatment on the mechanical properties, static
strength, fatigue strength and wear resistance of the industrial stainless steel 40Kh13.

Material. Chemical composition and mechanical properties of 40Kh13 steel are given
in Tables 1 and 2, respectively.

Table 1
Chemical Composition (in vol.%) of 40Kh13 Steel
C Si Mn Ni S P Cr Fe
0.35-0.44 | up to 0.6 | up to 0.6 | up to 0.6 | up to 0.025 |up to 0.03| 12-14 84
Table 2
Mechanical Properties of 40Kh13 Steel
0,, MPa 02, MPa 05, % v, %
950 725 14.0 41.5

The material was obtained after the standard heat treatment (quenching from 1050°C
in air, tempering at 650°C) with hardness of 277-286 HB. In the tempered condition,
40Kh13 steel microstructure consists of martensite, carbides, and insignificant quantity of
residual austenite. According to earlier studies of this steel [1], after heating above
temperature 860—880°C its structure consists of austenite and carbides of chrome. Starting
from quenching temperature of 1050°C and higher, hardness of this steel exhibits a
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decreasing trend, which may be attributed to increased content of residual austenite.
Tempering of quenched 40Kh13 steel results in decomposition of martensite into ferritic-
carbide mix and in reduced hardness. However, within the tempering temperature range of
450-550°C, the secondary hardening effect is observed due to segregation of dispersed
carbides.

Two types of specimens of steel 40Kh13 are used: plane specimens with dimensions
36.0x 7.5X 1.0 mm for static and cyclic loading, and rectangular specimens with dimensions
30x30 mm and 10 mm thickness for wear resistance tests.

IPTN Experimental Setup. For the formation of diffusion layers by vacuum
ion-plasma nitriding pulse technique (IPTN), a universal VIPA-1 experimental set-up
developed at the Pisarenko Institute of Problems of Strength was used (Fig. 1).
Technological parameters of the formation of hardened layers are: temperature is 550°C,
pressure is 25-150 Pa, treatment time is 10 h, ratio of reacting gases is 80% Ar + 20% N,.
The general view of VIPA-1 experimental set-up with vacuum chamber for IPTN coating
deposition is shown in Fig. 1. Details on this equipment and technology can be found
elsewhere [2, 9]. The shape of IPTN pulses is depicted in Fig. 2. Hardening of specimen
surfaces occurs uniformly along the perimeter, which provides a uniform thickness of the
diffusion layer. For reference, several specimens were treated by isothermal ion-plasma
nitriding method as depicted in Fig. 3.

Fig. 1. General view of VIPA-1 experimental set-up with vacuum chamber for IPTN pulse nitriding
technology.

100V,

0.1s

Treatment time, s

Fig. 2. Shape of IPTN pulses.

Visualization of ion-plasma processes occuring during IPTN treatment of test specimens
and industrial applications (in particular, a gearwheel) of 40Kh13 steel is given in Fig. 4.
As it was mentioned in the introduction, identical conditions for ion-plasma nitride coating
deposition are ensured for small- and large-scale articles.
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Fig. 3. Heating rate of specimens by the method of ion-plasma thermocyclic nitriding isothermal (/)
and IPTN pulsing (2) modes.

Fig. 4. 40Kh13 steel specimen (a) and industrial gearwheel (b) in VIPA-1 vacuum chamber subjected
to IPTN treatment.

Using the IPTN technique, specimens were heated to 7= 500°C and treated by
different modes of thermal cycles: *20, =50, and *100. After treatment, the diffusion
layer depth values were measured by the standard technique, which included preparation of
microsections, etching and measurements via electron microscopy, as well as indirect
verification via layer-by-layer microhardness measurements (microindentation). As shown
in Fig. 5, the nitriding duration effect on diffusion layer depth is the most pronounced for
IPTN treatment with =50 cycles, the least is for isothermal nitriding. This can be related to
the above-mentioned specifics of the tempering temperature range of 450—550°C, where the
secondary hardening effect due to segregation of dispersed carbides in the core material
occurs parallel to the nitriding treatment of the surface layers.
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Fig. 5. Nitriding duration vs diffusion layer depth: isothermal (H), + 25°C (#), = 50°C (A), and
+100°C (X).
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Static Tensile Tests. Untreated specimens and those treated with IPTN cycle of
+50°C with working portion dimensions of 360X 7.5X10 mm were subjected to static
loading on a servohydraulic Instron test machine to produce the stress—strain diagram
(Fig. 6).

The comparative analysis of plots in Fig. 6 implies that IPTN treatment did not
deteriorate the characteristics of static strength of steel 40Kh13, but even improved them by
7%.
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Fig. 6. Stress—strain diagrams of 40Kh13 steel specimens: untreated (/) and subjected to IPTN
treatment with IPTN cycle of = 50°C (2).

Fatigue Tests. High-cycle fatigue strength tests were carried out via a magnetostrictive
setup, the operating principle of which is based on the magnetostriction phenomenon, i.e.,
the ability of some materials and alloys to change their linear dimensions under the
influence of an alternating magnetic field [16]. Thus, by adjusting the vibration amplitude
of the magnetostrictor, fatigue tests of 40Kh13 steel specimens were conducted*.
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Fig. 7. Fatigue curves of 40Kh13 steel specimens at frequency 10 kHz subjected to IPTN treatment
with different thermal cycle ranges: untreated (M, solid line), + 20°C (dashed line), = 50°C (@,
dash-and-dot line), and = 100°C (@, dotted line).

The results of experimental studies are depicted in Fig. 7. Their analysis implies that
40Kh13 steel specimens subjected to IPTN treatment with thermal cycle +50°C have the
best fatigue strength characteristics, as compared to untreated specimens, their high-cycle

* Tests were conducted by Ph.D. A. G. Trapezon.
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fatigue strength increased by 20%, while IPTN treatments with thermal cycles £20 and
+100° C resulted, respectively, in fatigue strength deterioration by 5% and improvement by
5%. This trend is attributed to generation of residual stresses in the surface layers of treated
specimens, and is similar to those observed by other researchers for steel specimens with
ion-plasma coatings [15-19].

Wear Resistance Tests. Wear resistance tests of [PTN-deposited coatings are
conducted on an experimental unit [20] according to GOST 23.208-79 (Fig. 8). The friction
process is effected with a free abrasive, which is consistent with ASTM C 6568. Test
equipment is depicted and schematically shown in Fig. 8.

Fig. 8. Photo (a) and schematic diagram (b) of a unit for wear tests: (/) abrasive debris collector,
(2) specimen, (3) rubber roller, (4) roller core, (5) free abrasive feeder, (6) abrasive feeder velocity
controller, (7) free abrasive, (8) abrasive feeder shute, (9) load lever, and (/0) load.

As seen in Fig. 8b, specimen 2 is worn with free abrasive 7, which is fed by rubber
roller 3 to the friction surface. Quartz sand (SiO,) with grain sizes of 200-250 um was used
as an abrasive. Prior to wear tests, an abrasive was dried (humidity did not exceed 0.16%).
The wear level was measured by the weight method with accuracy up to 0.0001 g on
analytical scales ADB-200. Prior to tests, specimens were washed in ethyl alcohol, dried
and weighted. Wear tests were conducted at a 0.158-m/s sliding velocity, a 200-N load
(with a 272-mm lever) and a 50-m friction length.

In additon, wear studies were conducted in the following environments: water +
quartz sand, damp salt + quartz sand. Grain sizes of quartz sand and experimental
conditions were the same as above. For comparative analysis of wear resistance
characteristics, 40Kh13 steel rectangular specimens (both untreated and IPTN-treated ones)
were used as shown in Fig. 9. As aggressive environments we used: (1) quartz sand, (2)
water + sand, and (3) damp salt + sand. The respective results on weight loss by wear are
given in Fig. 10.

The experimental staudies have revealed the following trends:

1. The maximal wear intensity is observed for untreated 40Kh13 steel specimens.

2. IPTN technique enhances wear resistance 40Kh13 steel specimens: in sand — by 3
times; in water + sand — by 3.5 times, in salt + sand — by 2.5 times.

3. The isothermal nitriding technique enhances wear resistance 40Khl13 steel
specimens: in sand — by 4 times, in water + sand — by 2 times, in salt + sand — by 1.7
times.

4. The IPTN technique is superior to the isothermal one for water + sand and salt +
sand environments.
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a b c d

Fig. 9. 40Kh13 specimens before (a) and after (b) wear tests in sand, water + sand (c), and damp salt +
sand (d).
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Fig. 10. Weight loss of 40Kh13 steel specimens: in sand (a), water + sand (b), and damp salt + sand (c):
() untreated specimens, (2) after thermocyclic IPTN mode of nitriding, and (3) after isothermal
mode of nitriding.

Conclusions. The proposed ion-plasma coating deposition pulse technique offers a
considerable opportunity for producing diffusion layers with good wear resistance, fatigue
resistance and static strength. The results of the respective experimental studies on
40Kh13 steel specimens treated by the proposed pulse technique confirm its positive
effect.

Pe3wome

PosrnsinaeTbes iHHOBaIliiHA TEXHOJOTIS, po3pobiieHa B IHCTUTYTI po0iIeM MIHOCTI iM.
I'. C. Ilucapenxka HAH VYxkpainu, a came: iMITyJTbCHa TEXHOJIOTiSI HAHECEHHS 10HHO-TIIIa3MO-
BHUX IIOKPHTTIB, IO MO3BOJSAE€ OTpUMATH AU(DY3ifiHI mapm 3 HEOOXiTHOI CTPYKTYpPOIO
LIUISIXOM YIPABJIIHHS HpouecoM audy3iifHOro HacMUYeHHs 1 HOro ONTHMI3aLi€l0 B 3alex-
HOCTI BiJJ KOHKPETHUX TeXHIYHUX BUMOT. [Ipn 1ipomy nudy3iiiHi mapu 3 a30TOBaHUMHU Ta
HEea30TOBaHUMH (a3aMd MOXKYTb OyTH OTpPHUMaHI LUISIXOM PEryJrOBaHHS CKIIaay 10HI30-
BAaHUX Ta3iB 1 IHTEHCHBHOCTI TIIIOYOTO PO3PSALY. 3alpOIIOHOBAaHA iHHOBAIliifHA METOHKA,
mo OyJna 3amaTeHTOBaHA Ha HaIlioHATbHOMY piBHI B 2013 pori, B maHWil Yac BHUKOpHC-
TOBYETBCS JUIsl TIPOMUCIIOBOIO BIIPOBA/DKCHHS HA BITYM3HSHHUX aBTO- T4 aBIapEeMOHTHHX
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3aBosiaX. CTHUCIMI OIJIsI CydyacHUX MPOMHUCIOBUX PO3pOOOK y Mil 00iacTi mokasye, 1o
3aIPOIIOHOBAaHA METOJMKAa MOXKe OyTH BHKOPHCTAaHa B Cy4aCHHX KOMEpLIHHHX NpHKIa-
JaHHSAX/KOMIUIeKcax Juisi HaHeceHHs PVD nokpurris. [IpencraBieHi pe3yibTaTu eKCHepHu-
MEHTAJIBHUX JOCII/DKEHb CTATUYHOI i BTOMHOI MIIIHOCTI Ta 3HOCOCTIMKOCTI B arpeCUBHUX
cepenoBuiax 3paskiB 3i crami 40X13 i3 HaHECEHHMMH MOKPUTTSMH 3 BUKOPUCTAHHSIM
IMITYJIBCHOT TEXHOJIOTIi MiATBEPAKYIOTh ii MMO3UTHBHUN €(EKT.
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