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Abstract. Metallographic studies showed that the use of rare-earth oxide (REO) additives during liquid electrolysis-free boriding increases the borated
layers depth, with these additives not interacting with the treated product material. Addition of lanthanum and yttrium oxides increases the borated
layer depth by 30 — 40 %, while addition of scandium oxide either has no effect or decreases the layer depth. X-ray phase analysis of boriding alloys
with REO additives was conducted in this study. It was shown that REO additions to the melt result in formation of low-melting rare-earth borates
(LaBOj;, YBO,, ScBO,), which enhance grain boundary diffusion and significantly intensify the boriding process. Estimated values of bulk and
grain boundary diffusion coefficients were obtained. The addition of yttrium oxide increased the bulk diffusion coefficient in VKS-5 steel by 280 %.
In Kh12MF steel, addition of lanthanum oxide resulted in an 83 % increase in the bulk diffusion coefficient. For 40Kh steel, no increase in the bulk
diffusion coefficient was recorded in any of the investigated cases. The grain boundary diffusion coefficient increased in VKS-5 and Kh12MF steels
by 1000 % with addition of lanthanum oxide. Addition of yttrium oxide increased the grain boundary diffusion coefficient by 1000 % in VKS-5 steel,
by 135 % in Kh12MF steel, and by 87 % in 40Kh steel. Addition of scandium oxide increased the grain boundary diffusion coefficient by 160 %
in VKS-5 steel. The diffusion coefficient values at grain boundaries obtained through modeling calculations agree well with the experimental data.
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AnHomayus. IlpoBeneHsl Meramiorpaduueckue HCCIEAOBAHUS, MOKA3bIBAIOIIME, YTO INPUMEHEHHE J00aBOK OKCHAOB PEIKO3EMEIIbHBIX
anemMeHToB (P3D) npu *KUIKOCTHOM 6E33IeKTPOIU3HOM OOPHPOBAHUH IIPHBOMNT K YBEIMYCHUIO ITyOHHEI OOPHPOBAHHEIX CJIOCB, IIPUYEM JTaHHbBIC
100aBKH HE B3aUMOJICHICTBYIOT C MarepuaaoM obpabarsiBacMoro uzzienusi. Jo0aBka OKCUIOB JIAHTaHA M UTTPHUS YBEINYMBACT TITyOHHY OOpPHPO-
BaHHOTO cJiost Ha 30 — 40 %, no6aBKa OKCHIa CKaHAWS HE BIMSACT WIN IPHBOIKUT K CHIKCHHIO [TyOUHBI OOPHPOBAHHOTO cosl. B naHHOI padoTe
MPOBE/ICH PeHTIeHO(hA30BbIN aHAN3 CIUIABOB /Ul OOoprpoBaHus ¢ qob6aBkamu okcuaoB P30. [TokaszaHo, uro npu mobaske okcuaa P3D B pacrinase
obpasyercs serkoruaskuii 6opar P32 (LaBO,, YBO,, ScBO,), koTopsiii crioco6cTByeT 3epHOrpaHM4HOM U y3uu, 4TO NPUBOIUT K 3HAYHU-
TEeNbHON HHTeHCH(UKAIIMHU TPOoLieccoB OoprpoBanus. [lonydeHs! olieHOuHbIe 3HaueHUs KO3 (UIIMEHTOB 00BEMHOI 1 3epHOTpaHIYHOM Tuddy3un.
Jlo6aBka okcuaa UTTpuUs yBeanuuBaeT koddduimeHt oosemuon tuddysun B ctamum BKC-5 na 280 %. B cramu X12M® nobaBka okcuja JaHTaHa
MpUBEa K yBelMUeHHI0 kodddunmenta oobemuon muddysnu Ha 83 %. Ha cramm 40X Bo Beex MCCIeayeMbIX Clydasx yBeandeHue kodpduun-
eHra o0bemMHol 1uddysun He 3apuxcuposano. Kosdduuent sepHorpannunoit quddysun ysemuumics B cramsix BKC-5 u X12M® na 1000 %
pu 100aBKe OKCcHa JaHTaHa. Jlo0aBKa OKCHaa UTTPHS TIPUBENa K YBEIMUYECHHIO Kod(duunenty 3epHorpannuHoit quddysuu na 1000 % B cramu
BKC-5, na 135 % B cramu X12M® u na 87 % B ctanu 40X. Jlo6aBka OKCH/a CKaHMS MO3BOJIMIIA YBEIMUUTD KOIPPUIIMEHT 3epHOrPAaHUYHOM
mpdysun Ha 160 % B cramu BKC-5. 3nauenus koaddunmento auddys3nuu no rpaHuLiaM 3epeH, MOTyYeHHbIe MyTeM MOJCNIBHBIX PAaCyeTOB,
XOPOLLIO COMIACYIOTCS € IKCIEPHUMEHTAIBHBIMH JAHHBIMH.

Kniouesvle ci0ea: Gopuposanune, 60pHPOBAHHBIE CIIOW, PEAKO3EMEILHBIH AIEMEHT, OKCH JAHTaHa, OKCHI MTTPHUs, OKCHJ| CKaHIWs, JKUIKOCTHOE
OopupoBanue, MoaU(UIHPOBaHUE, MOP(OITOTHs OOPUPOBAHHBIX CII0EB, TU(DY3UsT

Aasa yumuposanus: Ummameros JI.A., Ilomensaukosa A.C., ITetennn A.JL. K Bonpocy o BInsSHHN J00aBOK OKCHIIOB PEIKO3EMEIIBHBIX JIEMECHTOB
Ha KMHETUKY 00pa3oBaHMsi OOPHPOBAHHBIX CIIOEB U IU(dy3ut0 Gopa 1Mo rpaHuIaM 3epeH mpu OOpUpOBaHUU cTaneil. Mzsecmus 6y306. UepHas
memannypeusi. 2025;68(2):148-157. https://doi.org/10.17073/0368-0797-2025-2-148-157

- INTRODUCTION

Although the use of rare-earth metal (REM) addi-
tives in liquid boriding increases the depth of borated
layers, promotes the formation of complex borides, and
improves mechanical properties [1; 2], their applica-
tion has not become widespread in boriding technolo-
gies due to the high cost of such additives. Recent stu-
dies on the use of rare-earth oxide (REO) additives in
powder boriding [3 — 5] have shown that they produce
similar effects. Research into REO additives in liquid
electrolysis-free boriding has demonstrated an increase
in the depth of borated layers and, in some cases, changes
in their morphology [6; 7]. It has been noted that REO
additives do not interact with the material being treated
and instead act as catalysts in the boriding process [8; 9].

A key factor in controlling the boriding process when
using REO additives is understanding the mechanism by
which they influence the kinetics of borated layer forma-
tion and boron diffusion into the metal [10 — 12].

Although no traces of rare-earth elements are detected in
the structure of the treated steels, their presence in the melt
can affect the boriding process in several ways [13 — 14].

» Rare-earth oxides may act as catalysts that accele-
rate chemical reactions in the melt. This can lead to an
increased rate of formation of active boron atoms, which
diffuse into the steel and ultimately result in deeper
borated layers.

* The presence of REO additives alters the physico-
chemical properties of the melt, such as viscosity, surface
tension, and ion distribution. These changes may promote
more uniform and active interaction between boron and
the steel surface, enhancing boron penetration depth.

* REO additives may influence the structure and defec-
tiveness of the oxide layer on the steel surface, facilita-
ting more active diffusion of boron atoms into the metal.

 Rare-earth oxides can affect the formation of inter-
mediate phases in the melt or at the steel-melt interface,
thereby intensifying the boriding process.
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A study reported in the international literature [15]
describes the positive effect of cerium oxide addition on
the depth of borated layers produced on a Ti6Al4V tita-
nium alloy. The beneficial effect is attributed to the for-
mation of low-melting rare-earth borates, which enhance
the transport capacity of the boriding agent. However,
that study focuses solely on powder boriding and does
not consider the contribution of low-melting RE borate
phases to grain boundary diffusion of boron into the mate-
rial.

The aim of this study is to analyze the effect of rare-
earth oxide additives on boron diffusion during the for-
mation of borated layers in steels with different composi-
tions.

[l MATERIALS AND METHODS

The steel samples were subjected to liquid electroly-
sis-free boriding in a melt composed of sodium tetrabo-
rate and boron carbide, with lanthanum, yttrium, or scan-
dium oxides added in amounts of 1, 5, 10, and 20 wt. %.
The boriding process was conducted at 1000 °C for 8 h,
followed by air cooling of the samples.

This study investigated VKS-5, Kh12MF, and 40Kh
steels, selected for their varying carbon content and
alloying element composition. Their chemical composi-
tions are listed in Table 1.

The microstructure of the samples was examined
using a Jeol JXA-iSP100 electron probe microanalyzer.
Microstructure images were obtained with a backscat-
tered electron detector.

X-ray phase analysis of the boriding alloy was per-
formed using a BRUKER D2 PHASER X-ray diffracto-
meter.

[l RESULTS AND DISCUSSION

As previously shown, the addition of rare-earth oxides
has a significant impact on the depth, properties, and,
in some cases, the morphology of the resulting borated
layers. All steel samples treated in the various melts
described in this study were examined using an elect-
ron microscope. Fig. 1 presents the microstructures

of borated layers formed on VKS-5 steel in a standard
melt and in melts containing 1, 5, 10, and 20 wt. % lan-
thanum oxide. These images were selected as they clearly
illustrate the characteristic features of borated layer for-
mation during liquid boriding with REO additives.

As seen in Fig. 1, the addition of 1 wt. % lanthanum
oxide promotes the formation of higher-quality borated
layers. With 5 wt. % lanthanum oxide, the penetra-
tion depth of the dark, boron-rich FeB phase increases,
although this phase forms unevenly. Increasing the addi-
tive content to 10 wt. % leads to even deeper FeB penet-
ration, with the dark phase displaying greater conti-
nuity. Notably, the deepening zone of the borated layer
consists of light, acicular regions that appear as a con-
tinuation of the dark layer. This zone reflects the initial
accelerated diffusion of boron along the grain boun-
daries of the matrix, followed by boron penetration into
the grain volume from the boundaries, which act as
diffusion sources. However, as the diffusant concentra-
tion at the boundaries decreases beyond a certain depth,
the grains are no longer fully saturated with boron, resul-
ting in a jagged interface at the bottom of the borated
layer. Boron partially decorates the grain boundaries,
which become visible in the transition to the underlying
structure. A network of boride phases along the grain
boundaries in the transition zone is observed in all
the presented microstructures.

Table 2 presents the data on the depth of borated layers
formed in melts with various additives for the steels stu-
died.

Analysis of the data in Table 2 indicates that rare-
earth oxide additives influence the depth of the borated
layers. However, there appears to be a critical concent-
ration of these additives, beyond which the boriding
process slows down and the layer depth decreases.
Notably, the addition of scandium oxide does not result
in any increase in layer depth. The chemical composi-
tion of the steel also plays a significant role in determin-
ing the depth of borated layers formed in melts without
additives. While previous studies [6; 18] have identified
carbon content as the primary factor influencing layer
depth, the data in Table 1 show no clear correlation. For
example, the low-carbon VKS-5 steel exhibited a layer

Table 1. Chemical composition of the studied steels

Tabauya 1. XuMUYECKHUi COCTAB HCCIEYEMbIX CTajeil

Element content, wt. %
Alloy . .
Fe C Si Mn Ni W Vv Mo | Nb Ce
VKS-5 base 0.15 | 0.68 | 0.41 | 2.80 | 1.30 | 1.20 | 0.41 | 0.58 | 0.10 | 0.03
Kh12MF | base 1.62 | 0.33 | 0.30 | 12.20 | 0.36 - 0.26 | 0.41 - -
40Kh base 041 | 024 | 0.62 | 1.10 | 0.21 - - - - -
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Fig. 1. Microstructure of borated layers on VKS-5 steel:
a — without lanthanum oxide addition, b — with 1 wt. % lanthanum oxide addition, ¢ — with 5 wt. % lanthanum oxide addition,
d — with 10 wt. % lanthanum oxide addition, e — with 20 wt. % lanthanum oxide addition

Puc. 1. MukpocTpyKTypa O0pUpOBaHHBIX CJIO€B, OITy4YeHHbIX Ha ctanu BKC-5:
a — 0e3 nobaBjeHns OKcua Jlantana; b — ¢ nodasienueM 1 mac. % okcuia JaHTaHa; ¢ — ¢ jgodaBiieHneM 5 Mac. % OKCH/Ia JaHTaHa;
d — ¢ nobasienuem 10 mac. % okcua JlanTana; e — ¢ gobasienneM 20 Mac. % OKCHJIa JIaHTaHa

depth of 120 — 130 um; the medium-carbon 40Kh steel
reached 240 — 250 um; whereas the high-carbon Kh12MF
steel showed a depth of only 95 — 105 pm.

Table 2. Depth data of borated layers in melts
with various additives on steels

Tabauya 2. laHHbBIE MO TJIyOMHAM GOPHPOBAHHBIX CJIOEB,
MOJIy4YeHHBIX B PacijiaBax ¢ pasHbIMHU J00aBKaMHU Ha CTAJAX

Composition Depth of borated layers, pm
VKS-5 Kh12MF 40Kh

No additive 120 - 130 95-105 240 — 250
1 % La,0, 120 - 130 100 — 105 240 -250
5 % La,0, 150 — 160 140 — 145 260 —270
10 % La,O, 160 — 170 118 - 124 270 — 275
20 % La,O, 150 — 160 100 — 105 268 — 274
1%Y,0, 100 — 105 95-105 200 —220
5%Y,0, 235245 120 - 130 140 - 150
10 % Y,0, 165170 95-100 210-230
20 % Y,0, 105115 100 — 105 160 — 170
1 % Sc,0, 122 - 126 95-110 235245
5 % Sc,0, 128 — 134 76 — 82 155-162
10 % Sc,0, 127 -133 87 -96 158 — 164
20 % Sc,0, 64-179 0 103 -113

Given that the addition of 5 wt. % rare-earth oxide
(REO) consistently resulted in increased borated layer
depth, the compositions of melts containing 5 wt. % REO
were analyzed in detail.

Figs. 2 — 4 show the X-ray diffraction patterns of bori-
ding melts with various REO additives.

These diffraction patterns reveal the formation of
a new phase in all melts — rare-earth borates (LaBO,,
YBO,, ScBO,). According to previous studies [14 — 16],
these compounds are low-melting. It was also observed
during melt preparation that adding up to 10 wt. % REO
improved melt fluidity.

X-ray phase analysis suggests that the presence
of a low-melting phase in the melt increases its fluidity
and likely promotes faster diffusion of boron atoms into
the steel. Given that the boriding temperature is 1000 °C —
within the range where grain boundary diffusion domi-
nates over bulk diffusion (7<0.77, [17]) — it can be
assumed that boron initially diffuses rapidly along grain
boundaries (GB), followed by penetration into the grain
interiors from these boundaries, which serve as diffu-
sion sources. This is due to the fact that the activation
energy for grain boundary diffusion is considerably lower
than for bulk diffusion, making it the preferred pathway
under these conditions. This assumption is supported
by the observed morphology of the borated layers — spe-
cifically, the presence of light acicular regions within
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Fig. 4. Diffraction pattern of the melt with 5 wt. % scandium oxide addition
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the layer and a boride network along grain boundaries
in the transition zone.

It is also reasonable to hypothesize that the low-
melting RE borate phase acts as a transport medium,
enhancing the delivery of boron atoms to grain boundary
outlets at the matrix surface. Grain boundary diffusion,
being faster than bulk diffusion, creates leading boron
fluxes into the steel. This results in a higher concentra-
tion of boron in the reaction zone, thereby accelerating
the boriding process.

In light of the presumed substantial role of REO addi-
tives in promoting grain boundary diffusion, it is approp-
riate to assess the depth of boron penetration for diffe-
rent melt compositions and to estimate the bulk and grain
boundary diffusion coefficients of boron in the studied
steels.

Based on the metallographic analysis, the following
characteristic depths were determined.

» h — the depth of the borated layer where bulk dif-
fusion is the dominant mechanism. In this zone, boron
enrichment occurs primarily through lattice diffusion, as
the supply of boron atoms to the grain boundaries (GBs)
is limited and no low-melting transport medium is pre-
sent. The contribution of grain boundary diffusion in this
region is minimal or absent, and the boron distribution is
governed solely by bulk diffusion.

* L, — the grain boundary diffusion path, defined as
the distance from the sample surface to the depth where
boron enrichment along grain boundaries significantly
decreases (approximately by a factor of e).

* L, — the bulk diffusion path of boron during the satu-
ration of grain interiors from the grain boundaries, which
act as sources of boron atoms — that is, in the presence
of grain boundary diffusion fluxes.

Fig. 5 illustrates the zones within the borated layer
corresponding to these parameters.

The bulk diffusion coefficient of boron in the steels
was estimated using the equation provided in [18]:

h=~/Dr, (1

where £ is the layer depth, pm; D is the bulk diffusion
coefficient of boron, m?/s; t is the boriding time, s.

Table 3 summarizes the average values of 4, L,, L,
obtained from metallographic observations.

Analysis of the data in Table 3 shows that rare-earth
oxide (REO) additives significantly affect the depth
of the borated layers. In VKS-5 steel, which has a fine-
grained structure (approximately 5 — 8 um), grain boun-
dary diffusion contributes most prominently — par-
ticularly with the addition of yttrium and lanthanum
oxides — reflected in the increased L, values. Kh12MF
steel, with a slightly larger grain size (8 —12 um),

Fig. 5. Structure of the borated layer with marked depths 4, L,, L,

Puc. 5. CtpykTypa 60pHpOBaHHOIO CIIOS
C OTMEUEHHBIMU [TyOuHamu h, L, L

demonstrates similar trends, though the effect is less
pronounced. In contrast, 40Kh steel, with coarser grains
(12 — 18 um), shows the weakest response to REO addi-
tions. These findings confirm that fine-grained structures
enhance grain boundary diffusion, while in steels with
larger grains, bulk diffusion plays a more dominant role
in borated layer formation.

To predict the kinetics of borated layer formation
during liquid boriding with REO additions, estimated cal-
culations of the grain boundary diffusion coefficient (D,)
can be performed. The L, values can also be estimated
using the formulas proposed in [19; 20] and compared
with experimental values obtained through microstruc-
tural analysis. This comparison helps validate the reliabi-
lity of the grain boundary diffusion coefficients derived
from the experimental data.

An estimated calculation of L, was performed using
Equation (2), as proposed in [19;20], with L and D
values taken from Table 2. The average grain sizes were
5 — 8 um for VKS-5 steel, 8 — 12 um for Kh12MF steel,
and 12 — 18 um for 40Kh steel:

2Dt
L =1, 1+ln[l—ie r J , )
T

where [ is the grain size, pm.

Table 4 presents the L, values obtained through esti-
mated calculations using Equation (2) (L, .,.), along-
side those determined through microstructural analy-
sis (L

The comparison shows that the calculated diffusion
lengths closely match the experimental data, with devia-
tions not exceeding 12 %. This consistency supports

b.exp)'
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Tabauya 3. Cpennue 3uavenus h, Ly, L , D 1ist Beex uecielyeMbIX 60pPHPOBAHHBIX CJ10€B

Table 3. Average values of h, L,, L , D for all studied borated layers

VKS-5 Kh12MF 40Kh
Composition | p, Ly, | L, D, m?/s & Ly, | L, D, m?/s & Ly, | L, D, m?%/s

um | pm | pum um | pm | pum um | pm | pum
No additive 39 140 91 [0.05-10"2| 42 105 73 10.06-107'2 | 100 | 250 | 150 | 0.34-10°'2
1 % La,0, 52 144 91 [0.09-10'2| 42 105 61 |0.06-10'2| 75 273 125 | 0.19-10°1
5 % La,0, 64 176 96 | 0.14-107'2 | 58 145 102 | 0.12-102 | 54 270 | 162 | 0.10-10712
10 % La, 0, 68 187 | 119 | 0.16:107'2 | 50 124 87 |0.09-10'2 | 83 303 165 | 0.24-10°12
20 % La,0O, 62 180 | 112 | 0.13-10°'2 | 42 104 73 | 0.06-10712 | 81 274 | 164 | 0.23-10°12
1% Y,0, 31 116 78 10.03-10'2| 31 105 42 10.03-10"2 | 66 220 | 132 | 0.15-10°12
5%Y,0, 74 269 | 171 | 0.19:107'2 | 52 130 78 10.09-102 | 45 150 75 10.07-10712
10 % Y,0, 68 189 | 136 | 0.16:107'2 | 30 100 70 0.03-102 | 69 230 | 138 | 0.17-10°1
20 % Y, 0, 46 127 80 | 0.07-10'2 | 51 100 63 |0.09-102| 51 170 | 102 | 0.09-10"2
1 % Sc,0, 38 139 76 | 0.05-1072 | 44 110 66 |0.07-102| 73 245 171 | 0.18-101
5 % Sc, 0, 40 147 94 10.05-1072 | 24 82 57 | 0.02:-10712 | 48 162 | 113 | 0.08:10°2
10 % Sc,0, 53 146 93 [0.09-102| 29 96 54 | 0.03-10'2 | 49 164 98 | 0.08-1012
20 % Sc,0O, 23 87 55 | 0.02-107'2 0 0 0 0 34 113 68 | 0.04-10712

the reliability of the calculation method and validates
the experimental findings.
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Using Equation (3), proposed in [19; 20], and the L,
values from Table 3, the grain boundary diffusion coef-
ficient (D,) can be estimated:

2Dt
D, e
8D

where 0 is the interatomic spacing, nm, used to estimate
the average grain boundary thickness.

The estimated grain boundary diffusion coefficients
are summarized in Table 5.

Analysis of the data in Table 5 shows that the calcu-
lated grain boundary diffusion coefficients are generally in
good agreement with the experimental values, confirming

b= 3) the adequacy of the chosen calculation approach. In all
Table4. L, .. and L pexp YAIUES
Ta6auya 4. 3nayenus L ppaca B L, ..
N VKS-5 Kh12MF 40Kh
Composition 7 I I I I 7

b.calc b.exp b.cale b.exp b.calc b.exp
No additive 137.9 140 95.7 105 213.3 250
1 % La,0, 138.8 144 103.9 105 268.1 273
5 % La,0, 164.8 176 138.5 145 274.4 270
10 % La,O, 164.1 187 136.9 124 306.2 303
20 % La,O, 196.7 180 100.4 104 260.2 274
1%Y,0, 112.9 116 102.1 105 214.1 220
5%Y,0, 271.6 269 118.9 130 157.1 150
10 % Y, 0, 195.7 189 94.9 100 223.6 230
20 % Y, 0, 123.8 127 105.9 100 171.6 170
1 % Sc,0, 127.9 139 104.9 110 249.5 245
5% Sc,0, 135.4 147 85.2 82 169.1 162
10 % Sc, 0, 130.4 146 106.2 96 168.9 164
20 % Sc,0, 81.8 87 0 0 117.3 113




I1ZVESTIYA. FERROUS METALLURGY. 2025;68(2):148-157.
Ishmametov D.A., Pomel’nikova A.S., Petelin A.L. On the influence of rare-earth oxide additives on kinetics of borated layer formation and boron ...

Table 5. Estimated values of grain boundary diffusion coefficients

Ta6auya 5. OueHoyHble 3HAYeHUs1 KoOd(pPuuuenToB nupdy3un no I'3

Diffusion coefficients, m?/s
Composition VKS-5 Kh12MF 40Kh
Dy cate Dy exp Dy cate Dy exp Dy cate Dy exp

No additive 0.6-10° 0.6-107° 0.3-107° 0.4-107° 0.9-10% 0.1-107
La,0, 1% 0.1-10°8 0.1-10°8 0.4-10°° 0.4-10° 0.8-108 0.9-10
La,0;5 % 0.2-10°% 0.3-10°8 0.1-10°% 0.2-10°8 0.5-10°% 0.4-10°%
La,0, 10 % 0.3-10°8 0.3-10% 0.9-10” 0.8-107° 0.1-1077 0.1-107
La,0,20 % 0.3-108 03108 0.4-107° 0.4-10°° 0.9-10°8 0.1-1077
Y,0, 1% 0.3-10° 0.3-10° 0.2-10°° 0.2:10° 0.4-108 0.4-108
Y,0,5 % 0.8-10°% 0.8-10°% 0.8-10°° 0.9-10° 0.1-10°% 0.9-10°
Y,0,10% 0.4-10°8 0.3-10°8 0.2:107° 0.2:107° 0.5-10°8 0.5-10°8
Y,0,20 % 0.7-107° 0.7-107° 0.6:107° 0.5-10° 0.2-10°8 0.1-10°8
Sc,0, 1% 0.5-10° 0.6-10° 0.4-10°° 0.5-107° 0.7-108 0.6-108
Sc,0,5 % 0.6-10° 0.7-107° 0.1-10°° 0.1-10° 0.1-10°8 0.1-10°%
Sc¢,0, 10 % 0.9-10° 0.1-107° 0.2-10° 0.2-107° 0.1-10°% 0.1-10°%
Sc¢,0, 20 % 0.1-10° 0.1-107° 0 0.3-107° 0.3-107

the steels studied — particularly in VKS-5 — an increase
in boron penetration into the matrix was observed with
the addition of lanthanum and yttrium oxides.

- CONCLUSIONS

The structure of borated layers formed in melts
containing 5, 10, and 20 wt. % of lanthanum, yttrium,
and scandium oxides was investigated. The depth
of the resulting layers was measured. It was found that
additions of lanthanum and yttrium oxides significantly
increase the depth of the borated layers, whereas scan-
dium oxide either has no effect or reduces the layer depth.

X-ray phase analysis revealed the formation of low-
melting rare-earth borates (LaBO,, YBO,, ScBO;) in
the boriding melts. These phases improve the fluidity
of the melt, facilitating more efficient transport of boron
atoms to the grain boundaries and enhancing their deli-
very into the steel. This leads to higher boron concentra-
tions within the grains and plays a key role in forming
deeper and more uniform borated layers.

Estimated values of both bulk and grain boundary dif-
fusion coefficients were obtained. The addition of yttrium
oxide increased the bulk diffusion coefficient in VKS-5
steel by 280 %. In Kh12MF steel, lanthanum oxide led
to an 83 % increase. In 40Kh steel, no increase in the bulk
diffusion coefficient was recorded in any of the stu-
died cases. The addition of lanthanum oxide resulted
in a 1000 % increase in the grain boundary diffusion
coefficient in VKS-5 and Kh12MF steels. The addition

of yttrium oxide resulted in a 1000 % increase in grain
boundary diffusion in VKS-5 steel, 135 % in Kh12MF,
and 87 % in 40Kh. The addition of scandium oxide led
to a 160 % increase in grain boundary diffusion in VKS-5.

VKS-5 steel exhibited the strongest response to REO
additions, attributed to its fine-grained structure and
the dominant role of grain boundary diffusion. In Kh12MF
steel, which has a medium grain size, the effect was
noticeable but less pronounced. In 40Kh steel, which has
a coarser grain structure, REO additions in some cases
contribute to an increase in boriding depth, although bulk
diffusion remains significant.

The grain boundary diffusion coefficients obtained
through modeling were in good agreement with experi-
mental values, confirming the reliability of the calcula-
tion methods and their suitability for modeling diffusion
processes in steels.
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