IZVESTIYA. FERROUS METALLURGY. 2022, vol. 65, no. 2, pp. 127-133.
Ivanov Yu.E, Akhmadeev Yu.Kh., Lopatin LV, Krysina 0.V, Petrikova E.A. Combined electron-ion-plasma treatment of 40Cr steel surface

L/ MATEPUANOBEAEHKE

Original article

UDK 621.785.53:539.25

DOI 10.17073/0368-0797-2022-2-127-133

COMBINED ELECTRON-ION-PLASMA
TREATMENT OF 40Cr STEEL SURFACE

Yu. F. Ivanov, Yu. Kh. Akhmadeey, I. V. Lopatin,
0. V. Krysina, E. A. Petrikova

Institute of High Current Electronics, Siberian Branch of the Russian Academy of Sciences (2/3 Akademicheskii Ave., Tomsk
634055, Russian Federation)

Abstract. In the industry of most developed countries, complex alloying as a surface layer saturation with metal and gas atoms in a certain sequence
is extensively used. This study identifies and analyzes the changes in the elemental and phase composition, defect substructure, mechanical
(microhardness), and tribological (wear resistance and friction ratio) properties of alloyed carbon steel after complex treatment, consisting of
surface layer saturation with Al atoms and subsequent nitriding. We studied 40Cr steel. Its initial structure contains plate-like ferrite and pearlite
grains. A TRIO system with a 600x600x600 mm? vacuum chamber was used for complex alloying. The system was equipped with a control
module for electron-ionic treatment. Aluminizing lasted for 4 hours at 963 K. The electric arc evaporator cathode was made of A7 aluminum alloy
(98.8 % Al). Subsequent nitriding of the aluminized layer lasted for 2 hours at 803 K. It was found that such treatment results in a modified surface
layer up to 70 um thick. The complex alloying of steel forms multiphase submicro- and nanostructures with Al nitrides, Fe and Cr nitrides, and
aluminides. We found that steel hardness is greatest at the modified surface. It exceeds the initial hardness by 300 %. Complex alloyed steel is less
resistant to dry friction.
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Opuz2uHaabHas cmambus KO MNNEKCHASA
SNEKTPOHHO-UOHHO-N/NASMEHHAA
OBPABOTKA NMOBEPXHOCTU CTANU 40X

10. ®. BaHoB, 10. X. AxMagees, U. B. JlonaTuH,

0. B. KpbicuHa, E. A. [leTpukoBa
| Hucruryr cunbHoTounoi dnekrponukn CO PAH (Poccus, 634055, Tomck, mp. Akagemudeckuii 2/3)

AHHOmayus. KoMIIeKCHOE JIeTHPOBAaHHUE, COYCTAOIICE B ONPENCNCHHOH IIOCICIOBATEIbHOCTH HACHIIICHHE MOBEPXHOCTHOTO CIIOS MaTrepHhana
aTOMaMH METAJIJIOB U Ta30B, B HACTOAIEE BPEMs IIUPOKO HCIOJIb3YeTCs B OOJIBIIMHCTBE IPOMBIIICHHO Pa3BUTHIX CTpaH Mupa. Hacrosmas pabora
HOCBSIICHA BBIABICHHUIO M aHATN3Y 3aKOHOMEPHOCTEH N3MEHEHHS 3JIEMEHTHOTO M (Ja30BOI0O cOCTaBa, Ne(heKTHOH CyOCTPYKTYpBI, MEXaHHIECKUX
(MHKPOTBEPIOCTh) M TPUOOIOTHYECKUX (M3HOCOCTOMKOCTD M KOA(PMUIIMEHT TPEHMs1) CBOMCTB JISTUPOBAHHOM YITIEPOIUCTOM CTalIH, TOJBEPTHY TOI
KOMILIEKCHOH 00paboTKe, codeTaroliell HaChHIICHHE ITOBEPXHOCTHOIO CJIOS 0Opas3loB aTOMaMU ATIOMUHHS U IOCIEAYIONIee a30TUPOBAHHUE.
B xayecTBe MaTepuasia MCCIEHOBaHHSA MCIONB30BaHA cTank 40X, MMeromas B MCXOAHOM COCTOSHUM CTPYKTYpY, NPEJCTABICHHYIO 3epHAMU
(eppuTa U 3epHAMH NEPIINTA IIIACTHHYATOH Mopdonorun. KommnekcHoe Moau(puIupoBaHue OCYIIECTBIIIN B SANHOM BaKyyMHOM IIPOCTPAHCTBE
Ha ycranoske « TPO» ¢ pazmepamu kamepbl 600x600x600 MM?, 100CHAIIEHHON 6]I0KOM KOMMYTALIUH /I PEATM3aLMK SITHOHHOTO (JIEKTPOHHOTO
U HOHHOT'0) peXuMa 00paboTKH. ANUTHPOBaHHE IIPOBOAWIN IpH Temieparype 963 K B redenue 4 waco. Karoz 31eKTpoxyroBoro Hemapurers Obu
M3rOTOBJIEH U3 amoMuHHeBorO cuiaBa A7 (98,8 % Al). [Tocnenyomiee a30THpOBaHUe aTMTHPOBAHHOTO CJIOSI MPOBOAMIIM IpH Temmeparype 803 K
B TEUCHHE 2 9acOB. YCTAHOBIICHO, YTO B PE3yIbTaTe KOMILUICKCHOI 00paboTku GopMupyeTcs MOTHGHINPOBAHHBIA CIIOH TOMIUHOH 10 70 MKM.
IMoxazaHo, 4TO KOMIUIEKCHOE MOAM(UIMPOBAHUE CTAIM CONPOBOXKIAETCA (OPMHPOBAHHEM MHOTO(a3HOro CyOMHKPO- M HAHOCTPYKTYPHOIO
COCTOSIHHS, COJEPKAIET0 HUTPHIBI aTIOMUHUS, HUTPHIBI M aTIOMUHHUJIBI JKelIe3a U XpoMa. YCTaHOBIICHO, YTO TBEPIOCTh CTAIH MaKCHMalIbHa
Ha TIOBEPXHOCTH MOJAM(UIMPOBAHUS U TPEBBIIIACT TBEPIOCTh UCXOJHOIO MaTepyuana B TpH pa3a. MI3HOCOCTOMKOCTb CTalM B YCIOBHUAX CYXOro
TPEHUS II0CIIC KOMIUICKCHOTO MOAU(DUIIIPOBAHMS CHIKACTCSL.

Kniouesule cioea: crans 40X, koMIIekcHas 00paboTKa, alMTUPOBAHUE, a30TUPOBAHUE, CTPYKTYpa, (ha30Bblil cOCTaB, TBEPJOCTb, H3HOCOCTOMKOCTD,
k03 HULHEHT TpeHNUS
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[ INTRODUCTION

There are many options of controlling the surface
layer structure and properties of metals. The most pro-
mising methods combine impacting the defect substruc-
ture, chemical, and phase composition by introducing
elements into the surface layer. lon implantation [1 — 3],
using laser beams [4], gas-phase saturation [5], diffu-
sion saturation in liquid metal solutions [6, 7], liquid
phase saturation [8, 9], irradiation with high energy ion
beams [10], alloying during steel making [11], high-tem-
perature nitriding in pure nitrogen [12], and high-tempe-
rature saturation with a saturating coating [13] are used.
With regard to making surface alloys, complex alloying
as a surface layer saturation with metal and gas atoms
in a certain sequence is of particular interest. In most
industrialized countries, complex plasma surface treat-
ments which change the material structure and properties
are extensively used [14 — 19]. Single vacuum chamber
processes are still under development [20 — 23].

Statement of problem. This study analyzes the com-
plex treatment of carbon-alloyed steel in a single vacu-
um chamber combining diffuse saturation of the surface
layer with aluminum and nitrogen.

[l MATERIALS AND METHODS

We used 40Cr steel (composition: 0.36 — 0.44 % C;
0.17-0.37% Si; 0.5-0.8% Mn; up to 0.3 % Ni;
0.8 — 1.1 % Cr; up to 0.035 % S; up to 0.035 % P; up
to 0.3 % Cu; the rest in Fe (wt. % are indicated)) and
treated polished specimens 5 mm thick, 12 mm dia.
A TRIO ion-plasma system with a 600x600x600 mm?
vacuum chamber was used [17, 18]. The chamber was
evacuated by a turbomolecular pump with 500 1/s ca-
pacity. The system has two generators producing gas
(PINK module) and metallic (arc evaporator) plasma.
The arc evaporator cathode was made of the A7 alumi-
num alloy (98.8 % Al). The system supports electron-ion
beam treatment. For this, the discharge is alternatively
switched between the main anode (chamber) and the pro-
cessed part. It ensures efficient sample heating by means
of the electron component of plasma without ion etching
of the surface. The sample surface was cleaned by ions
from plasma in between electron heating sessions. The
bias voltage for this treatment was selected, in order to
achieve minimal required surface cleaning, rather than
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maintaining a required temperature. The samples were
attached to a holder in the center of the vacuum chamber
at the plasma sources axis, in such a way that the holder
was at 60° to each plasma source. The samples were on
the front side of the holder. Temperature was measured
using a type K thermocouple installed in a quartz tube
on the sample holder. The sample temperature during
aluminizing (963 K) was set to be slightly higher than
the aluminum melting temperature (950 K). Before
aluminizing, the samples were etched with 700 eV ar-
gon ions for 10 min. Then they were heated with argon
plasma (electron heating) to the required temperature
(963 K). The ion etching and electron heating alternated
at 10 — 50 Hz. The table lists the treatment modes of the
40Cr steel samples where: p, is the argon pressure; /1,
and [ are the discharge currents in the PINK plasma
generator and arc evaporator; U__ is the negative bias for
ion etching; k_ is the fraction of time for electron etch-
ing; t is the process duration; and 7T is the temperature of
the samples during the process.

We applied X-ray phase analysis, optical, scanning,
and transmission electron microscopy, in order to study
the structure, elemental, and phase composition of the
treated steel. The following mechanical and tribological
properties were measured: microhardness (indenter load:
0.5 N); wear resistance; and friction ratio. The tribo-
logical tests (dry friction) were conducted at room tem-
perature as follows: counter body — 6 mm diameter SiC
ball; wear track diameter — 4 mm; load — 5 N; and track
length — 2,000 m.

[ RESULTS AND DISCUSSION

Before treatment the 40Cr steel structure included
plate pearlite grains and ferrite grains. A dislocation sub-
structure (chaotically distributed dislocations) was ob-

Treatment modes of 40Cr steel samples

Pe:xumbl 00padoTku o6pa3uoB craau 40X

Par | b | Lo Ui Z T, kg,
Pa | A | A | V]| n | K| %
Aluminizing
020 | 45 | 45 | 300 | 4 | 963 | 27
Nitriding
065 | 45 | 0 | 300 | 2 | 803 | 22
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served in the ferrite plates within the pearlite colonies
and ferrite grains. Such structures have been analyzed in
detail in many works [24, 25] and will not be covered in
this paper.

The modified layer thickness (measured by metallo-
graphic etching) reaches its max value of about 30 um
after a complex treatment combining aluminizing and
subsequent nitriding. The X-ray spectral microanalysis
revealed a monotonic decrease of the aluminum concent-
ration in the surface layer of steel (Figure 1). The con-
centration of chromium in the aluminized layer remains
virtually without change and matches the Cr concentra-
tion in the sample body. It suggests that the aluminizing
process used forms an aluminum-saturated layer, not an
aluminized surface layer.

17.5

X-ray phase analysis indicated the formation of
a structure containing an a iron solid solution, Fe,N,
Fe,N iron nitrides, and an AIN aluminum nitride (Figu-
re 2) in the surface layer after complex alloying. The to-
tal fraction of the nitride phases in the surface layer by
volume was 98 %. Of this: AIN is 2 %, and Fe,N is 20 %.

Using transmission electron diffraction micros-
copy, we found that a polycrystalline structure with
1.0 — 2.5 um grain size forms in the surface layer. The
second phase particles are along the boundaries and
within the grain volume. Darkfield analysis showed that
particles of iron and chromium carbonitrides, Al,Cr chro-
mium aluminides, and Al,Fe iron aluminides are formed
along the o iron grain boundaries after the complex al-
loying. The particles are mostly globular. The sizes range
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Figure 1. Dependence of aluminum (/) and chromium (2) concentrations on distance from aluminazing surface of 40Cr steel
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Figure 2. X-ray section obtained from 40Cr steel surface after complex treatment (aluminazing and consequent nitriding)

Puc. 2. ®parMeHT peHTreHOrpaMMBI, OITYYEHHON ¢ MTOBEPXHOCTH cTain 40X, MOABEPrHYTOH KOMIIIEKCHOH 00paboTke
(anuTUpOBaHHUE U MOCIIEAYIONEE a30THPOBAHKE)
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Figure 4. Microhardness profile of 40Cr steel samples after complex

HOJIBEPIHY THIX KOMILJIEKCHON 00paboTKe, coueTarolleil aluTHpOBaHue

130

Figure 3. TEM images of second phase particles formed in the grain bulk of 40Cr steel after complex treatment:
a, b — bright field; ¢ — microdiffraction pattern (arrow indicates the reflection in which dark field was obtained);
d — dark field obtained in [330] Al Cr, reflection

Puc. 3. [IDM-n306paxenue yacTurn BTopoi dasel, Gpopmupyromuxcs B oobeme 3epeH cranu 40X B pe3ysnprare KOMILICKCHOI 00paboTKu:
a, b — cBemoe 1one; ¢ — MUKPORJIEKTPOHHOTpaMMa (CTPENIKOH yKa3aH peduiekc, B KOTOPOM MOJIy4Y€HO TEMHOE IoJIe);
d — TemHoe no1e, nony4enHoe B peduekce [330] Al Cr,

HV, Gpa

0 25 50 75 100 125 150 175
X, um

treatment including aluminazing and consequent nitriding
(dotted line — microhardness of steel in initial state)

Puc. 4. IIpodune MuxpoTBeproct 00pasios cramu 40X,

7 TIOCJIeTyIoIIee a30THPOBAaHKE (IITPUXOBOH ITMHIEH 0003HaUCHA
TBEPAOCTh CTAJH B HCXOJHOM COCTOSTHHH)

from 80 to 100 nm. Spiky particles were found in the
volume of the grains (Figure 3). Electron diffraction
image analysis suggests that these particles are Al,Cr,
chromium aluminides. Their cross size varies from 1.2
to 2.5 nm, and the longitudinal size is from 15 to 32 nm
(Figure 3, d).

It has been shown that treatment reduces wear resis-
tance (Figure 5). One possible reason is brittle damage
to the surface layer. Another one is the solid phase par-
ticles. They act as an abrasive powder which results in
wearing. The friction ratio (p) is virtually unchanged and
ranges from 0.49 to 0.51.

[ ConcLusiOons

We studied the complex alloying of 40Cr alloyed steel
samples. This included aluminizing and subsequent nit-
riding in a single 600x600x600 mm? vacuum chamber of
the TRIO ion-plasma system. Aluminizing was at 963 K
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Figure 5. Dependences of friction coefficient (i) and wear rate (k)
on the treatment mode of 40Cr steel

Puc. 5. 3aBucumoctn xko3punnenra TpeHus (|L) U napamerpa
nsHoca (k) ot pexxuma o6paboTku cramu 40X
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