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AnHoTauus. B manHom uccnenoBanum cranp AISI H13 Oputa momBeprHyTa GOpHUpPOBaHUIO PEIKO3EMETbHBIM
KOMITO3MTOM C HMCIIOJIb30BaHUEM IIpoliecca NacToo0pa3Horo 6opupoBaHus. bbuin nmpoaHanu3upoBaHbl CTPYKTypa U
Mopdostorus GOPUAHOTO CIIOSI, a TAKKE HMPOTECTUPOBAHBI €r0 TBEPAOCTh M aATE3Ms K MOBEPXHOCTH paszena. Pe-
3yJIbTaThl ITOKA3bIBAIOT, YTO CJI0H OOpHIa MMEET IJIOTHYIO IMMI000pasHyo MOP(OIOrHi0 ¢ MUHUMAIILHBIM KOJIHYe-
ctBoM Top. [To cpaBHeHHIO ¢ GopumHbIM ciioeM 0e3 moGasienuss CeCls TommuHa BOCCTAaHOBIEHHOTO OOPHIHOTO
cios yBenuumiack ¢ 53,7 MkM 10 66,3 MkM. Kpome Toro, 6opuaHbiii Cloi U3 peAKO3eMEeIbHOI0 KOMIIO3HTa MpoJie-
MOHCTPHUPOBaJ TBEpAOCTh B Auamazone 1200-1700 HV ¢ HeGombImmM rpagueHTOM TBepAOoCTH. [Ipu ncmbITaHnn Ha
a/Ire3MI0 HaOJII0AJI0Ch JIMIIb HE3HAYUTEIILHOE OTCIIOCHUE €105l 00pHIa PeIKO3eMENIbHbIX JIEMEHTOB, YTO ITO3BOJISI-
€T MPEIOIOKNTh, YTO PEAKO3EMEIBHBIE HIEMEHTHI 3(P(EKTHBHO CHIDKAIOT XPYNKOCTh OOPUIHOTO CIIOS M yJTydIlIa-
10T aATe3HI0 K IOBEPXHOCTH pa3Jiena.
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Abstract. In this study, AISI H13 steel was subjected to rare earth composite boronizing using the paste bo-
ronizing process. The structure and morphology of the boride layer were analyzed, and its hardness and interface
adhesion were tested. The results indicate that the RE-boride layer exhibits a dense sawtooth morphology with
minimal pores. Compared to the boride layer without the addition of CeCl;, the thickness of the RE-boride layer in-
creased from 53.7 pm to 66.3 um. Furthermore, the rare earth composite boride layer demonstrated a hardness rang-
ing from 1200-1700 HV, with a gentle hardness gradient. In the adhesion test, there was only slight detachment of
the rare earth boride layer, suggesting that rare earth elements effectively reduce the brittleness of the boride layer

and enhance its interface adhesion.

Keywords: AISI H13 Steel, composite boronizing, microhardness, adhesion.
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1. Introduction

AISI H13 steel is extensively utilized in the
production of different forging dies, hot extrusion
dies, and die-casting dies owing to its exceptional
hardenability, red hardness, and thermal fatigue re-
sistance [1, 2]. However, it often fails due to ther-
mal erosion, friction and corrosion during metal
forming and processing, which greatly reduces its
service life [3]. Consequently, it is necessary to use
thermochemical treatment technology to improve
its surface properties and extend its service life.

Solid boronizing is a highly effective surface
treatment method that falls under the category of
high-temperature chemical heat treatments [2, 4,
5]. It involves a chemical reaction between the bo-
ron source and the activator at elevated tempera-
tures, resulting in the formation of a boride layer
on the metal surface with unique physical and
chemical properties [6, 7]. The boride layer offers
several advantages over traditional surface treat-
ment methods such as carburizing, nitriding, and
carbonitriding. These advantages include high
hardness, exceptional wear resistance, resistance to
high temperature oxidation, thermal fatigue resis-
tance, and corrosion resistance [8-10]. Conse-
quently, solid boronizing finds extensive applica-
tions in the surface treatment of various alloys, in-
cluding steel, nickel, and aluminum.

Zhang [11] prepared boride layers with high
hardness and self-lubricating properties on Al-
CoCrFeNi2.1 surface by powder embedded boride
infiltration method. Guryev [12] obtained a boride
coating with a thickness of 80-100 um on the sur-
face of VTI1-0 titanium, which exhibited high
hardness. Chen [13] utilized the silicon-free pow-
der filling and electrochemical boronizing method
to create a boride layer on CoCrNiMEA.

However, boride coatings are known for their
high brittleness, which limits their application
range. The researchers discovered that rare earth
atoms have low electronegativity and strong re-
ducibility, resulting in strong chemical activity.

This chemical activity promotes the diffusion of B
atoms in the metal during boriding treatment, lead-
ing to grain refinement of the columnar Fe,B phase
and purification of crystal grains. As a result, the
brittleness of the boride layer is effectively re-
duced, and its performance is improved [14, 15].
Among the rare earth elements, Ce is the most
abundant, and rare earth chlorides are commonly
found compounds that are easy to prepare and rela-
tively inexpensive.

This paper discusses the co-infiltration of bo-
ron and rare earth into AISI H13 steel using the
paste boronizing method. It focuses on the impact
of rare earth on the microstructure, hardness, and
adhesion of the infiltration layer on the surface of
AISI H13 steel.

2. Experimental materials and methods
2.1. Experimental materials

In this paper, a quenched and tempered AISI
HI13 steel with a chemical composition of
0.32-0.45 % C, 0.81-1.20 % Si, 0.20-0.50 % Mn,
4.75-5.50 % Cr, 1.10-1.30 % Mo, 0.80-1.20 % V
and a balance of Fe, and a hardness of
500 + 20 HV, was used. The specimens were ma-
chined to a size of 20x15x10 mm’ using EDM
wire cutting method. The surface of the specimens
was polished with 180-1000 grit sandpaper and ul-
trasonically cleaned in alcohol for 10 min and
blown dry for use.

The boronizing paste used in this experiment
was formulated by the laboratory and consisted
primarily of KBF4, B4C, C, and CeCl;. A specific
proportion of the reagent was mixed with deion-
ized water and evenly applied onto the H13 steel,
resulting in a paste thickness of approximately
5 mm. Subsequently, the samples were dried in a
drying oven at 200 °C for 2 hours. Following the
drying process, the samples were placed in an
SX2-4-17TP resistance box for heating at a tem-
perature of 950 °C for a duration of 4 hours, and
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the sample is heated up with the furnace cooled to
room temperature.

2.2. Experimental methods

After the boronizing process, the sample was
removed from the furnace and the surface paste
was gently crushed. It was then soaked in deion-
ized water for 15 minutes, followed by ultrasonic
cleaning in alcohol for another 15 minutes. After
drying, the sample was cut using a wire electric
discharge machine and placed in a inlay machine
(YZXQ-2) for inlaying. Once the inlay was com-
pleted, it was transferred to an automatic polishing
machine (YMPZ-1) for rough grinding, fine grind-
ing, and polishing. The rough and fine grinding
stages involved using water abrasive paper ranging
from 180 to 2000 grain size, while the polishing
cloth was made of flannelette and the polishing
agent used was 2.0, 1.0, and 0.5 pm diamond spray
polish. Finally, the sample was corroded with a
6 % nitric acid alcohol solution for 3-5 seconds.
The microstructure was studied using a scanning
electron microscope (SEM, TESCAN MIRA
LMS), and the thickness of the boride layer was
measured using the measurement tool provided
with an optical microscope (OM, OLYMPUS-
DSX-HRUF). Five representative peaks and five
troughs were selected and their average was calcu-
lated. The microhardness of the cross-section of
the boride layer was measured using a Vickers
hardness tester (HV-1000) under a load of 50 g and
a loading time of 10 s. Adhesion was tested by the
VDI 3198 standard with indentation of Rockwell
hardness (HRC, HR-150A) at a load of 150 kg
[16].

....................
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3. Results and discussion
3.1. Microstructure

Figure la, b shows the SEM images of the
cross-sectional morphology of the boride layers of
H13 steel samples with the added rare earth CeCl,
content of 0.4 %, respectively. It can be seen that
the cross-sectional microstructure of both sets of
boronized samples consists of three layers: the bor-
ide layer, the transition layer and the matrix, with
the boride layer showing a classical sawtooth
shape. A large number of pores were observed in
the single boronizing (Fig.1a). Pores are primarily
formed during the growth process of the boride
layer. Initially, the supersaturated lattice vacancies
on the surface come together to create pore nuclei,
and the boronizing atmosphere enters these nuclei
through the grain boundaries of the primary bor-
ides. This leads to increased stress and the forma-
tion of solid infiltration, resulting in the formation
of pores within the boron layer [17]. After the ad-
dition of 4 % CeCls, a more denser structure of the
boride layer becomes apparent, with only a small
number of pores observed. This suggests that rare
earths can effectively enhance the growth of the
boride layer. It was also observed that the thick-
ness of the transition layer of the sample increased
after the addition of rare earths. The transition
layer is mainly composed of compounds of C and
Si that are insoluble in borides, and under the cata-
lysing effect of rare earths, more boron atoms dif-
fuse downward, and C and Si atoms will also dif-
fuse downward more, resulting in an increase in
the thickness of the transition layer.

66.
b N

Ee e
substrate =

100pm

Fig.1. Cross-section microstructures of sample boronized at 950 °C for 4 h:
(a) single boronizing; (b) CeCl;-composite boronizing

Puc.1. MUKpOCTPYKTYpPHI TIOTIEPETHOTO ceueHus obpasiia, 6opupoannoro npu 950 °C B Teuenue 4 u:
(a) omnokpartHoe 6opupoBanue; (6) CeCl;-komno3utrHoe GOpHpoBaHuE

The thicknesses of the single and rare earth
boride layers are 53.7 and 66.3 pum, respectively.

The addition of CeCl; rare earth significantly in-
creases the thickness of the boride layer. This can
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be attributed to two main reasons. Firstly, rare
earth elements have lower electronegativity, lead-
ing to the generation of more active boron atoms
during the boronizing process. Additionally, rare
earth elements possess strong reducibility, which
helps remove the oxide film on the workpiece sur-
face and allows for better adsorption of active bo-
ron atoms and rare earth elements on the sample
surface. Secondly, the atomic radius of rare earth
elements is approximately 40 % larger than that of
iron atoms. This results in lattice distortion around
the iron atoms, creating more vacancies and dislo-
cations in the lattice. As a result, the diffusion acti-
vation energy decreases and diffusion channels in-
crease, facilitating the accelerated diffusion of bo-
ron atoms into the substrate [2, 18]. Consequently,
the boride layer thickness shows a significant in-
crease upon the addition of 4 % CeCls.

3.2. Microhardness

Figure 2 presents the microhardness gradient
map of the boride layer on the AISI H13 steel
sample. The microhardness range of the boronized
samples is observed to be between 1200-1700 HV,
significantly higher than that of the substrate
(500 HV). The sub-surface of the boride layer ex-
hibits the highest hardness value due to the pres-
ence of defects such as porosity and pores in the
surface layer. Furthermore, due to the high number
of pores in the single boride layer, it can be seen
that its hardness is more variable and lower in the
middle. Notably, the microhardness gradient of the
rare earth boride layer is more moderate compared
to that of the single boronized sample. The diffu-
sion of C and Si compounds into the transition
layer region during the boronizing process leads to
lower hardness in the transition zone of both the
single boronized and rare earth boronized samples,
as compared to the substrate.

2000
2000

—&— Single boronized
—&— composite boronized

1500

1000

Micro-hardness (HV)

7.
S
=

0 20 40 60 80 100 120
Distance from surface (um)
Fig.2. Cross-section hardness profile from the surface
to the substrate of single and composite boride layers

Puc.2. IIpoduis TBEpIOCTH MONEPEIHOTO CCUCHUS
OT IMIOBEPXHOCTH JI0 MOJIOKKH OJIMHOYHBIX
1 COCTaBHBIX CIIOEB OopHaa

3.3. Adhesion

Figure 3 illustrates the Rockwell hardness in-
dentation morphology of single and composite bor-
ide layers. The figure demonstrates that when sub-
jected to a load of 150 kg, the single boride layer
completely detaches (Fig.3a), whereas the rare
earth composite boride layer only partially de-
taches (Fig.3b). This observation suggests that rare
earth is effective in reducing the brittleness of the
boride layer and improving its interfacial adhesion.
The adhesion and brittleness of the boride layer are
primarily influenced by the Fe,B and FeB phases.
The brittleness of Fe,B and FeB arises from the
uneven distribution of spatial bonds and the weak
bond energy of the B-B atomic bonds along the
[002] direction. The introduction of rare earth
CeCl; enhances the boronizing reaction rate, diffu-
sion rate, and nucleation rate of boron atoms, while
also strengthening the bond energy of B-B atoms.
Consequently, this leads to improved growth of the
boride layer and a reduction in internal stress [19].
Therefore, the rare earth composite boride layer
exhibits favorable interfacial adhesion.

Fig.3. Rockwell indentation morphology of single and composite boronized layers:
(a) single boronizing; (b) CeCl;-composite boronizing

Puc.3. Mopdosorust BOaBiuBanust 1o POKBEILTY OJHHOYHBIX M COCTABHBIX OOPHPOBAHHBIX CIIOCB:
(a) omurOouHOE GopupoBanue; (0) CeCly-koMmo3uT OOpUpOBaHHE

@Oyna. npobi. coBp. Matepuanosen. 2023. T. 20. Ne 4. C. 551-557



Effect of rare earth CeCl; on the microstructure and adhesion of boride layer for AISI H13 steel

355

4. Conclusions

In this study, for AISI H13 steel, a dense
sawtooth-like boride layer morphology was ob-
tained by heating at 950 °C for 4 h using a paste
rare earth composite boronizing method, and the
boride layer was essentially free of pores and
cracks. The thickness of the boride layer increased
to 66.3 um with the catalytic effect of 4 % rare
earth CeCls. The hardness of the rare earth boride
layer ranged from 1200-1700 HV, with a gradual
decrease in hardness gradient. Additionally, the in-
clusion of rare earth CeCl; enhanced the boroniz-
ing reaction rate, diffusion rate of boron atoms, and
nucleation rate. This led to a reduction in internal
stress within the boride layer and improved inter-
facial adhesion of the rare earth composite boride
layer.

Mamepuanvl, npeocmasnennvie 6 OAHHOU
cmamuve, Odoxnaoviganucs Ha XXII Medxcoynapoo-
HOU HayuHo-mexHuyeckou rongpepenyuu «IIpo-
OnemMbl U NepPCNeKmugvl pPa3gUMuUsl JIUMEUH020,
CBAPOUHO20 U KY3HEUHO-UWUMAMNOBOYHO2O NPOU3-
s6oocmey (11-13 aseycma 2023 2., 2. Bapuayn).
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