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Abstract. Diffusion processes play a key role in formation of the structures of new materials and technological processes of strengthening heat treatments,
since diffusion is the reason for redistribution of substances in solids. An urgent task is to develop technologically advanced and effective methods for
strengthening materials in order to improve their performance properties. There is an increasing need to improve chemical heat treatment methods,
which directly affects the wear resistance of working surfaces, and, consequently, the product service life. Near-surface volumes experience increased
loads, so the formation of high-strength layers becomes an important task. Quite a few methods of surface hardening are known, among which
carburization, nitriding, nitrocarburization and others are widely used. The most interesting is nitriding, since it increases hardness, strength, fatigue
limit, and heat resistance. However, despite the proper advantages, nitriding has a number of disadvantages, including the holding duration and small
thickness of diffusion layers. The solution is related to intensification of the technological process by increasing the nitriding temperature, activating
the nitriding media or directly the parts surface. All these solutions are aimed at accelerating diffusion processes, both in grain volume and along grain
boundaries, the velocity along which is many times higher than the velocity of volumetric diffusion. It may be effective to use a new type of structural
metal materials with a multilayer structure of hundreds of layers, with thicknesses in the micron and submicron ranges separated by large angular
boundaries. The results of metallographic studies showed the effect of the steel layers interchange in the multilayer metal material on diffusion depth
after chemical heat treatment. The authors proposed an accelerate diffusion model of diffusible element along the layer boundaries.
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AnHomayus. JTuddy3roHHbBIE TPOLIECCH UTPAIOT KITIOUEBYIO POJIb B (JOPMUPOBAHUM CTPYKTYP HOBBIX MATEPHAIOB M TEXHOJIOTHYECKHX IHPOIECCOB
YIPOUHSIONIMX TEPMUYECKUX 00pabOTOK, TaKk KaK MMEHHO Onaropaps AU(Qy3uH MPOUCXOINUT Mepepacipe/ieieHIe BeIecTBa B TBEP/AbIX Telax.
AKTyanpHO# 3aa4eii ABIsIeTCs pa3padoTKa TEXHOIOTHYHBIX U A((EKTHBHBIX METOIOB YIIPOYHCHHUSI MATEPUAJIOB B LICJISIX MOBBIICHHUS UX IKCILTY-
aTallOHHBIX CBOMCTB. Bo3pacTaeT moTpeOHOCTh B YCOBEPLICHCTBOBAHWH METOOB XHMHKO-TEPMHUYECKONH OOpabOTKH, YTO HATPSMYIO BIIHSET
Ha M3HOCOCTOMKOCTh pabOuHX MOBEPXHOCTEH, @, CIIEI0BATEIbHO, U Ha pecypc u3zenus. [IpuoBepXHOCTHBIE 00BEMBI HCIIBITHIBAIOT MTOBBIIICHHEIC
Harpy3Kku, MO3TOMY Ba)XHOU 3ajadeil sBisieTcst pOpMHUPOBAHHE BBICOKOIIPOYHBIX CIOEB. VI3BECTHO TOCTATOYHO MHOTO METOIOB IOBEPXHOCTHOTO
YIPOYHEHHUS, CPEAN KOTOPHIX HIMPOKOE MPUMEHEHUE HOIYYHIIH [IEMEHTAIHsI, A30THPOBaHUEe, HUTpOoLleMeHTanus U ap. Haubosnee nepcreKTHBHBIM
SIBIISIETCST Q30THPOBAHKE, TIOCKOJIBKY MPH 9TOM IIPOUCXOIHT HOBBIICHHE TBEPAOCTH, IPOYHOCTH, TPEIesa yCTAIOCTH, KapOCTOHKOCTH. OHAKO
TIPH IOJDKHBIX JOCTOMHCTBAX a30TUPOBAHUE UMEET PSiJl HEOCTATKOB, CPEU KOTOPBIX [UTUTEIBHOCTD BBIICPKKH U MaJiast TONIUHA AU (Y3NOHHBIX
cioeB. IToaTomy pa3paboTKa METOAMK, MO3BOJISIONINX HHTCHCHMHIMPOBAT PACCMATPUBACMBIH HPOLIECC, TAKKE SBISICTCS aKTyalbHOH 3amadeii.
TpaAuIMOHHO, pEelIeHNE CBA3aHO C HHTCHCH(HKAIMEH TEXHOIOTHYESCKOTO MPOoLiecca MyTeM MOBBIIICHHS TeMIIepaTypbl a30THPOBAHUS, AKTHBALIUH
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cpell a30TUPOBAHUS MIIM HEMOCPEICTBEHHO MOBEPXHOCTH JeTaliell. Bee 9Tu pelenus HarpaBlieHbl Ha YCKOpEeHHe IpoleccoB AudGdy3un Kak 1o
00beMy 3epHa, TaK H 110 MEK3EPEHHBIM I'PAHUIIAM, CKOPOCTb 110 KOTOPEIM MHOTOKPATHO NIPEBOCXOIUT CKOPOCTh 00BbEMHOM MU Py3un. YIuTsIBas
9T0, Y(GHEKTUBHBIM MOKET OKa3aThCsl UCIOIB30BAHUE HOBOTO THIA KOHCTPYKIIMOHHBIX METAJUIMYECKMX MaTepualioB ¢ MHOTOCIONHBIM CTpoe-
HHEM H3 COTEH CJI0EB ¢ TOIIINHAMI MUKPOHHOTO U CyOMHKPOHHOTO JHaNa30Ha, pa3ieIeHHBIMI MEKLy OO0 GOBIINMHI YITIOBBIMU IPAaHULIAMH.
B pabore npuBesieHbl pe3ysbTaThl METAIOrpadhMuecKoro UCCIe0BaHuUs, TIOKA3bIBAIOIINE BIMSHIE YePEIOBAHUS CII0EB CTAJIed B MHOTOCIIONHBIX
MeTaUIMYeCKUX MaTepranax Ha TIyOouHy Auddys3un mpu IpoBeJeHUH XHUMHKO-TepPMUYECKol 00paboTku a3otupoBaHueM. [IpennoxeHa Moneb
YCKOPEHHOT'0 IIPOHUKHOBEHHUS UM GYHANPYIOIIETO JIEMEHTA 110 TPAHUIAM CIIOEB.

Kawouesvle cn108a: MHOTOCIIONHBIE MaTepHaIlbl, XUMHKO-TEpMUYECKast 00paboTKa, a30THPOBAaHKE, IPAHUILIBI CI0EB, TU(Dy3Hs

Jlns yumupoeanus: onukesuy K.b., [Terenun A.JL., [Tnoxux A.W., ®omuna JLIT. Tuddy3us a3ora no rpaHuiiaM cioeB Mpu a30THPOBAHIHA MHOTO-
CIOMHBIX MarepualioB. Mzeecmus 6y306. Yepnas memannypeus. 2024;67(3):318-324. https://doi.org/10.17073/0368-0797-2024-3-318-324

- INTRODUCTION

Currently various mechanical wood treatments
by milling are widely used. The main unit of a router is
the cutter. There are numerous cutters of different designs
and geometries, but, in each case, they should be charac-
terized by high strength and wear resistance, which can
be achieved by chemical heat treatment [1]. The multi-
layer materials used after nitriding for manufacturing
cutters can enable to enhance tool durability, preserve
tool geometry, increase tool life, and improve processing
performance due to a significantly hardened layer. Fig. 1
shows an example of such a cutter.

Additionally, multilayer materials can be used to manu-
facture gear wheels that also operate under wear (Fig. 2).

Fig. 1. Layout of a cutter from a multilayer material

Puc. 1. Cxema ¢pe3bl U3 MHOTOCIIOHHOTO MaTepuaia

This structure can be obtained if steels with different
crystalline structure are included in the initial composi-
tion [2 —4]. The developed technological route (Fig. 3)
enables to produce sheet billets, 2 to 10 mm thick [5].

The material microstructure has a multilayer lami-
nar structure with the layers, 100 to 0.8 um thick. At
the same time, the layers are characterized by crystallo-
graphic disorientation from 15 to 20°, which corresponds
to the large-angle grain boundaries in the initial steels
(Fig. 4) [6; 7].

The works [8; 9] show that with an appropriate choice
of steels included in the initial composite billet, the mul-
tilayer structure is preserved up to the temperature
of 1000 °C, which corresponds to the temperature of hot

Fig. 2. Scheme of manufacturing a gear wheel
from a multilayer material

Puc. 2. Cxema U3roToBieHus 3y04aToro Koieca
13 MHOTOCJIOIHOrO MaTepuasa

Formation .
Preparation of a multilayer Hot rolling
of billets pack Sheet
Material A cutting

T N of cycles

Fig. 3. Scheme of technological route

Puc. 3. Cxema TeXHOJIOIHYECKOTO MapiIpyTa
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Fig. 4. Typical microstructure of cross section of a multilayer material
(composition based on steels AISI420 and AISI304)

Puc. 4. Tunu4aaas MUKPOCTPYKTypa MOMEPEIHOTO
CeYeHHs] MHOTOCIIOHHOTO Marepualia (KOMIIO3UIHs
u3 crasneit 08X 18H10 u 40X13)

pack rolling. In this case, the cross-section of the sheet
billets has a structural orientation ready for chemical heat
treatment (Fig. 5).

Preliminary evaluation of nitriding the multilayer
composition that includes AISI304 and AISI430 steels
showed that the nitriding depth in the multilayer mate-
rial is greater than its depth in AISI304 steel which is
hard to nitride. The reason behind the increased thick-
ness of the nitrided layer in multilayer materials may
be the accelerated diffusion of nitrogen along the layer
boundaries with subsequent saturation of layer volumes
from their boundaries as from the diffusing element
sources [10].

To thoroughly investigate the resulting effect, we used
model compositions of multilayer materials containing
steels of different compositions (grades). The follow-
ing study objects were selected for nitriding: composites

‘(xy
X X LA X
4 4
* *
* *

Fig. 5. Scheme of polyhedral and laminar structure
of structural metallic materials indicating diffusion profiles.
Arrows indicate the direction of diffuser flow

Puc. 5. Cxema MOIU3IPUIECKOTO U IJAMUHAPHOTO CTPOCHHUS
KOHCTPYKIIHOHHBIX METAJUTHYECKUX MAaTEPHANIOB C YKa3aHHEM
nuddy3nonnsx npodueit. CTpenkamMu ykazaHo
HarpaBlieHHe notoka auddysanra
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consisting of 1008 and AISI304 steels, as well as W108
and AISI304 steels. After hot pack rolling, we obtained
10-mm thick samples with 100 layers, the single layer
being 100 pm thick.

The samples of these compositions were nitrided,
the nitriding surfaces being in all cases perpendicular
to the rolling directions used to produce the multilayer
samples. Nitriding was performed in the gas atmosphere
containing 20 — 40 % ammonia dissociation products.
We used two nitriding conditions with the following
temperature and time parameters: 540 °C for 45 h and
580 °C for 25 h. To study the structure of the resulting
nitrided layers and to determine their geometric charac-
teristics, we prepared sections with the surfaces perpen-
dicular to the rolling direction and parallel to the direc-
tion of nitrogen diffusion penetration that occurred in
the course of nitriding (Fig. 6).

Fig. 7 shows the general view of diffusion pro-
files formed during nitriding for AISI304 and 1008 (a),
AISI304 and WI108 (b) compositions obtained after
nitriding at 540 °C for 45 h.

The micrographs show the concentration profile
of diffusing nitrogen in AISI304 steel with a conside-
rable nitrogen penetration depth (and a long nitrogen
diffusion path, respectively) along the layer boundaries
of the multilayer material. Inside the AISI304 compo-
nent layer, for both cases, the nitrogen penetration dis-
tance shrinks with increasing distance from the interlayer
boundary. The smallest depth of nitrogen penetration is
about 100 um from the outer surface of the samples and
midway between the layers of neighboring components
(midway between the layers of 1008 steel (¢) and W108
steel (b)) inside the layer of AISI304 steel. This indi-
cates that the source of nitrogen penetration into the vol-
ume of AISI304 steel during nitriding is the interface
between the layers of the material. The diffusion along
these boundaries occurs faster than that through the layer
of AISI304 steel from the outer surface.

Section plane

Direction
of diffusion

Fig. 6. Scheme of sample cutting for metallographic analysis

Puc. 6. Cxema BbIpe3KH 00pa3LOB ISl IPOBEICHHS
MeTaorpagpuIeckoro aHaau3a
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bt

Pt

Fig. 7. Microstructure of nitrided layer of composition
based on steels: AISI304 and 1008 (@), AISI304 and W108 (b).
Arrows indicate the direction of nitrogen
diffusion flow

Puc. 7. MUKpPOCTPYKTypa a30THPOBAHHOTO CJIOSI
xommosurnmit 08X 18H10 + 08k (a) m 08X18H10 + V8 (b).
Crpenkamu yka3aHo HanpasieHue auddy3nonHoro
IIOTOKA a30Ta

Nitrogen penetration into the layers of 1008 and W108
steels at this depth from the nitriding surface was not
detected. This is proved by the results of electron micros-
copy and X-ray spectral analysis. There is practically no
volume diffusion of nitrogen in 1008 and W108 steels
due to low solubility of nitrogen in a-iron (maximum
0.1 wt. %), which is the main pathway of nitrogen diffu-
sion in the ferrite phase [11]. The second reason inhibit-
ing nitrogen movement in 1008 steel is the surface nitride
formation consisting of nitrides (Fe,N), which is also
proved by the results of electron microscopy (Fig. 8).

Thus, it can be concluded that the nitriding process
in multilayer materials of this type occurs due to the fast
nitrogen diffusion along the layer boundaries [12; 13].

It can be assumed that simultaneously nitrogen
atoms migrate inside the AISI304 steel perpendicular
to the interlayer boundary, which can be considered as
an extended source of nitrogen diffusion. This steel is
an austenitic grade steel and the solubility of nitrogen in
austenite (y-iron) is about 2.8 wt. %, therefore, diffusion
saturation of AISI304 layers with nitrogen is possible.
According to literature data [14], the diffusion coefficient
of nitrogen in y-iron at temperatures ranging from 500
to 600 °C is determined by the following equation

(M

D, =4.6-107 exp(—w), m’/s.

RT

i : 3
Spectrum 5

i : : 1
Spectrum 4 §

m

Spcuﬁ‘um 1

Content, wt. %
Spectrum = :
N Si Cr Mn Fe Ni
1 4.53 0 0.63 | 0.42 | 94.42 0
2 0 0 0.63 | 0.46 | 98.68 | 0.24
3 4.62 | 0.57 | 1820 | 1.73 | 67.43 | 7.45
4 424 | 044 | 1748 | 1.74 | 68.61 | 7.49
5 0 0.57 | 18.10 | 1.67 | 72.09 | 7.57

Fig. 8. Results of qualitative MRS analysis of the diffusion layer
of composition based on steels W108 and AISI304

Puc. 8. Pesynbrarsl kauectBeHHOro MPC ananmza
nuddysroHHOrO Ci10s KoMmosunuu Y8 + 08X18H10

We used the Fisher model for calculating diffusion
along grain boundaries in metallic samples to determine
the diffusion permeability of layer boundaries of the mul-
tilayer material [15— 18]. According to this model,
the product of the diffusion coefficient D, along the grain
boundary (layer boundaries in this case) and the bound-
ary thickness 6, that is value of 56 D,, can be calculated
by the formula [19]

58D, = (nt)"* D} % ctg’6, ()

where 0 is the angle at the top of the component concen-
tration profile (Fig. 7), which passes into the phase (layer)
volume from the grain (layer) boundary; s is the ratio
of boundary enrichment with atoms of the diffusing com-
ponent, which can be estimated based on the dependence
proposed in [20]:

5x,=6.2+4.5, 3)

where x, is the volumetric concentration of the impurity
in mole fractions.
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Fig. 9. Concentration angle 0 for determining the diffusion coefficient
in a multilayer material

Puc. 9. KonueHTpaunoHHslii yroi 0 s onpenenenus auddy3noHHOR
MIPOHHIIAEMOCTH CJIOEBBIX TPAHHUI] B MHOTOCIIOHHOM MarepHalie

8 9 J8 100 pm
—

Fig. 10. Determination of the angles 0 for calculating
the product of 8 and D, for the composition based on steels 1008
and AISI304 after nitriding: # = 540 °C, 45 h (a); t = 580 °C, 25 h (b)

Puc. 10. Onpenenenue yrios 0 uis pacuera npoussenenus d D,
quist komnoszumun 08k + 08X 18H10 nocne a3orupoBanus
mpu 540 °C, 45 41 (a); 580 °C, 25 4 (b)
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If we assume that the enrichment of layer boundaries
is mainly determined by the ferrite phase, since in accor-
dance with the phase diagram it has the smallest Fe—N
concentration of nitrogen, according to formula (3),
the value of enrichment of layer boundaries shall equal
s=5"10%

It should be noted that the formula (2) is suit-
able for describing diffusion along the layer boundary
when the diffusive removal of the component (nitrogen
in this case) from the boundary into the bulk is one-
sided — volume diffusion occurs only towards the layers
of AISI304 steel. The experimental data shows that there
is no diffusion of nitrogen toward the layers of 1008 steel
(Fig. 10, a) or W108 steel (Fig. 10, b).

The values of angles 6 required to calculate the dif-
fusion coefficient D, along the layer boundaries were
determined by analyzing micrographs of cross-sections
of multilayer samples of both compositions after nitriding
using two processing modes.

For the 1008 + AISI304 composition, Fig. 8, a shows
the method for measuring these angles when nitrid-
ing is performed at 540 °C for 45 h and Fig. 10,5 —
when the operating parameters are 580 °C and 25 h.

Fig. 11. Determination of the angles 6 for calculating the product
of & and D, for the composition based on steels W108 and AISI304
after nitriding: £ =540 °C, 45 h (a); t = 580 °C, 25 h (b)

Puc. 11. Onpesienenue yriios 0 jyist pacueta npoussenennus § D,
Juts komrozumn Y8 + 08X 18H10 nocie asoTupoBanust
npu 540 °C, 45 4 (a); 580 °C, 25 4 (b)
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Nitrogen diffusion coefficients
along the layer boundaries D,, m*/s

Koa¢pdpuuuentsr nudpysnu azora
10 rpanunam cioes D, , m¥/c

. Nitriding mode
Composition
540°C,45h | 580°C,25h
1008 + AISI304 1.9-10°% 8.1:10°8
W108 + AISI304 43-10°8 15.9-10°8

For the W108 + AISI304 composition, the similar proce-
dure is shown in Fig. 11.

The Table presents the diffusion coefficients of nitro-
gen atoms along the layer boundaries for 1008 + AISI304
and W108 + AISI304 multilayer compositions obtained
by analyzing experimental data as nitriding of these mate-
rials samples was investigated. The calculation assumes
that the layer boundaries thickness & is 10~ m.

- CONCLUSIONS

The experimental study of nitriding the samples of mul-
tilayer metallic materials with alternating layers of two
different steel grades revealed that the main mechanism
behind the process is mass transfer (diffusion) of nitrogen
atoms along the boundaries of the material layers.

The analysis of experimental data obtained while
investigating cross sections of surface layers of two com-
positions of multilayer materials after nitriding using
two modes enabled us to obtain the estimated values
of nitrogen diffusion coefficients D, along layer boundar-
ies. The D, values were 10* times higher than the volume
diffusion coefficient of nitrogen in AISI304 steel under
the same conditions.

The study showed that the nitriding depth in both
multilayer compositions increased due to fast diffusion
penetration of nitrogen atoms along the layer boundaries
of multilayer materials.
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