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AnHoTanus. B nanHoii paboTe nmpoBecHO OOPUPOBAHKE PEIKO3EMEILHBIMU IEMEHTAMHU HA MOIIMITHUKOBBIX
KOBOYHBIX INTAMIIaX C IIEJIbI0 W3YUCHUs BIMSHUSA PEAKO3EMENBHBIX JJIEMEHTOB Ha CTPYKTYpY W CBoiicTBa Oopu-
PYIOILETO CIIOS, aHAJIN3a U CPABHCHUSI MUKPOCTPYKTYPBI CJI0sI, MUKPOTBEPAOCTH, XPYNKOCTH, KAPOCTOUKOCTH H U3-
HOCOCTOMKOCTH HMCXOJHOTO cJios o0Opasiia, OJMHOYHOE OOpHUPOBAHME M PEeIKO3eMelbHOEe OOpHUpOBaHHE OOpa3IoB.
PesynbraThl MOKA3BIBAIOT, YTO MOCIE OOPHUPOBAHUS PEAKO3EMEITBHBIMA YIEMEHTaMHU CTPYKTYpa KOBOYHOTO IIITaMIIa
TIOIIITUITHAKA CTAHOBUTCS OoJiee KOMIAKTHOW M ogHOpoaHOW. Hambombias tBepaocts gocturia 1612,69 HV (na
paccTossHur 60 MKM OT TTIOBEPXHOCTH OOPHUPYIOMIETO cliosi). B 60-MHUHYTHOM HCIIBITAHUN Ha TPEHHUE W U3HOC TIOTEPS
Beca oOpasia, OOPUPOBAHHOTO C PEAKO3EMENBHBIMU dJIEMEHTAMH COCTaBMIIa BceTo 1/4 oT ucxomuoro obpasia u 2/5
OT TIOTEpH Beca oOpasiia mocie 6opupoBaHUEM, B TO BpeMsl Kak KO3(POUITUEHT TPESHUS MO ICPKUBACTCS HA YPOBHE
oxouno 0,23. TIpu Beicokoit Temneparype 800 °C oKHCIUTENEHOE YBEIHMYEHUE MACCHI IPU OOPUPOBAHHUH C PEIKO3e-
MEIBLHBIMHU 3JIEMEHTaMU COCTaBHJIO Bcero 68 % oT mcxomHoro odpasia. MoXHO clienaTh BBIBOJ, 4TO Tporecc 00-
PHUPOBAHHS C PEIKO3EMEIBHBIMU 3JIEMEHTAMH MOXET YIAYYIIUTh CTPYKTYPY OOPUPYIOIIETO COs, CTOMKOCTh K BBI-
COKOTEMITEPaTypHOMY OKHCIICHHIO U M3HOCOCTOHKOCTH MOBEPXHOCTH KOBOYHOTO IITAMIIA MOJIIAITHUKA, a TAKKE
YMEHBIINUTH €€ XPYIKOCTb.

KaroueBble ciaoBa: mrammoBas ctank H13, penko3zeMelbHBIC 3JIEMEHTHI, OOPUPOBaHHE, MHUKPOTBEPAOCT,
CTOHKOCTB K BBICOKOTEMIIEPATYPHOMY OKHCIICHUIO, N3HOCOCTOHKOCTB.
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Abstract. In this paper, rare earth boronizing is carried out on bearing forging dies to study the effect of rare

earth on the structure and properties of boronizing layer, analyze and compare the layer microstructure, microhard-
ness, brittleness, high temperature oxidation resistance and wear resistance of original sample, single boronizing and
rare earth boronizing samples. The results show that after rare earth boronizing, the structure of the bearing forging
die becomes more compact and uniform. The highest hardness is up to 1612.69 HV (at the position of 60 pm from
the boronizing layer surface). The brittleness is reduced. In the 60min friction and wear test, the weight loss of the
rare earth boronizing sample is only 1/4 of the original sample, and 2/5 of the weight loss of the single boronizing
sample, while the friction coefficient is maintained at about 0.23. At a high temperature of 800 °C, the oxidative
weight gain of rare earth boronizing is only 68 % of the original sample. It can be concluded that the rare earth bo-
ronizing process can improve the structure of boronizing layer, the high temperature oxidation resistance and wear
resistance of the bearing forging die surface, and reduce its brittleness.

Keywords: H13 die steel, rare earth elements, boronizing, microhardness, high temperature oxidation resis-
tance,wear resistance.

For citation: Zheng, Q., Mei, Sh., Zhi, X., Guryev, A. M., Fan, Y., Lygdenov, B. D. & Guryev M. A. (2022). Inves-
tigation of the influence of boriding with rare earth elements on the properties of H13 die steel. Fundamental nye
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Introduction

The failure of metal parts usually comes from
the surface or sub-surface of the workpiece [1],
which is mainly because the surface hardness and
wear resistance of the parts do not meet the service
requirements [2-4]. Surface modification can im-
prove the surface properties of metal materials
(such as wear resistance, hardness, corrosion resis-
tance and oxidation resistance) [5-7]. Boronizing,
as a thermochemical surface strengthening method,
is one of the effective ways to improve the surface
properties of workpiece [8-10]. Compared with
other conventional surface treatments, this tech-
nology is characterized by simple process, low cost
and no pollution [11, 12], which can significantly
improve the wear resistance and hardness of the
workpiece, thus improving the service life of the

workpiece and saving production costs for enter-
prises [13-15].

H13 steel is one of the main materials most
commonly used in bearing forging dies at present
[16, 17]. Li et al. conducted low-temperature bo-
ronizing, high-temperature boronizing, vacuum
quenching and tempering on HI13 steel respec-
tively, and the results show that: The weight loss
and weight loss rate of unboronizing, low-
temperature boronizing and high-temperature bo-
ronizing samples decrease successively [18]. The
anti-loss performance of high-temperature boroniz-
ing samples is better than that of low-temperature
boronizing samples, and the hardness of boroniz-
ing layer is about 1500 HV. Adding rare earth ele-
ments during boronizing can promote the diffusion
of boron atoms, which is a valuable research direc-
tion and there are also a few studies at home and
abroad [19]. Peng et al. added CeO, rare earth bo-
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ronization to TigAl,V alloy, which not only im-
proved the friction coefficient, but also made the
alloy have better corrosion resistance [20]. Zhu et
al. studied the boride growth kinetics of TC21-DT
alloy after rare earth boronizing, and the experi-
mental results showed that without adding rare
earth, the activation energy of TC21-DT alloy is
reduced to 58.13 KJ/mol, about 40 % lower than
that of conventional boronizing layer [21]. Wang et
al. conducted rare earth boronizing on 45 steel, and
found that the wear resistance of the permeable
layer increased by 1.25 times after compound [22].

Compared with the performance of rare earth
boronizing layer obtained by single boronizing,
adding rare earth elements into boronizing agent
can improve the diffusion rate, further improve the
performance of boronizing layer, and prolong the
service life. Therefore, this paper will add rare
earth elements into the paste to study the structure
and performance of boronizing layer of H13 bear-
ing forging die after adding rare earth elements.

Materials and methods
Materials and process flow

The material used for the experiments is an-
nealed HI13 bearing forgings (microhardness
450-580 HV), which are machined into
20 mm x 10 mm x 10 mm specimens by EDM
wire cutting (Fig.1). The surface of the specimen is
smoothed and polished using different types of
sandpaper. The paste boronizing method is
adopted, and the reagents mainly include KBF,,
B,C, CeO, and so on.

Fig.1. Bearing forging die

Puc.1. IltamnoBka MOAIINITHUKOB

The sample process flow is as follows: me-
chanical grinding and rust removal — cleaning and
oil removal — paste preparation — paste coating
(thickness of about 3-5 mm) — drying preheating
(150 °C insulation 2 h) — high temperature boron
penetration (850 ~ 950 °C insulation 3-5 h) — air

cooling — microstructure observation and per-
formance testing.

The friction and wear test are carried out at
room temperature on the MMS-2A-2 friction and
wear tester. The frictional wear test conditions are:
dry friction, no added lubricant, vacuum hardened
55 steel selected for the frictional substrate, ex-
perimental force of 50 N, no rotation of the upper
specimen shaft and 200 r/min speed of the lower
specimen shaft. After each experiment, the sample
surface is cleaned with acetone and weighed on a
PTT-A+200 electronic balance.

Experiment

The weight increase method is selected for the
high temperature oxidation resistance experiments
and the air is connected to the SA2-1-17TP cham-
ber atmosphere furnace for the experiments. It is
carried out at 800 °C. Before starting the experi-
ment, the three groups of specimens are gently pol-
ished with metallographic sandpaper for corners
and burrs, then the dimensions are measured and
the surface area is calculated, and the specimens is
washed and blown dry with acetone, dried in a
vacuum drying dish for one hour and weighed,
then placed in a crucible baked at 50 °C. When the
temperature rose to working temperature, the
specimens and crucible are simultaneously placed
in the SA2-1-17TP chamber atmosphere furnace
for high temperature anti-oxidation experiments.
After each experiment the sample is weighed on an
electronic balance PTT-A+200.

The formula for the oxidation weight gain
value is shown in equation (1).
= G-Gy ) (1)

S

Where: W' is oxidation weight gain value
(mg/cm?®), G, is the weight of the specimen and
container before the test (mg); G is the weight of

the specimen and container after the test (mg); S is
the surface area of the specimen (cm?).

W+

Results and analysis

Microhardness and microstructure of rare earth
boronizing layer

Figure 2 shows the microure of boronizing
layer of bearing forging die. It can be seen from
the Figure that the boronizing layer is FeB, Fe,B,
transition layer and matrix structure from the out-
side to the inside. Figure 2 (a) shows single bo-
ronizing layer, with a large number of holes in the
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boronizing layer. This is because boron atoms have
low activity and slow diffusion, resulting in too
low concentration of boron atoms adsorbed on the
surface of the material and uneven diffusion of bo-
ron atoms inside the material. Therefore, the bo-
ronizing layer formed is sparse and has many
holes. As shown in Figure 2 (b), after adding rare
earth element zigzag structure of boronizing layer
presents classic, dense and uniform, combining bo-
ronizing layer and matrix, no holes and cracks oc-

curred, good surface quality, but the boronizing
layer organization of zigzag sharp enough, this is
because the H13 steel for alloy steel, high content
of alloy element, in the process of high tempera-
ture boronizing, alloying elements is in the transi-
tion layer. The tip of the boronizing layer is weak-
ened. Therefore, the addition of rare earth elements
can improve the activity of boron atoms and pro-
mote the diffusion of boron atoms.

FeB
Fes
transition layer

substrate

Fig.2. Structure diagram of boronizing layer: (a) single boronizing (950 °C, 4 h); (b) bronizing with rare earth
(950 °C, 4 h, 4 % CeO,)

Puc.2. CtpykrypHas cxema Oopupyromero ciosi: (a) ogHokpatHoe 6opuposanue (950 °C, 4 1); (6) 6opupoBanue ¢
peakoseMenbHbIMU 3nieMeHTamu (950 °C, 4 4, 4 % CeO,)

Figure 3 shows the microhardness gradient of
the boronizing layer of each sample. It can be seen
from the figure that the maximum hardness of the
bearing forging die sample treated with rare earth
boronizing is 1612.69 HV (at the position of 60 um
from the boronizing layer surface), and that of the
bearing forging die sample treated with single bo-
ronizing is 1482.16 HV. By comparison, the hard-

ness of bearing forging die through compound bo-
ronizing is better than other specimens, because the
addition of rare earth element (CeO,) can improve
the activity of boron atoms and promote the diffu-
sion of boron atoms, so as to reduce the hole de-
fects of boronizing layer of bearing forging die
sample.

BPMS. 2022; 3(19): 384-393
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Fig.3. Microhardness of boronizing layer

Puc.3. MukpoTBep10cTh GOPUPOBAHHOTO CIIOS

Performance of boronizing layer
Brittleness

The brittleness of the boronizing layer is
evaluated by hardness indentation method. The ex-
perimental equipment is 1000 HV Vickers micro-
hardness tester. Two groups of samples are se-
lected for the brittleness experiment, which are rare

Q. Zheng, S. Mei, Z. Xiao, A. Guryev, Y. Fan, B. Lygdenov, M. Guryev

earth boronizing sample and single boronizing
sample respectively. The static indentation test is
carried out by applying 200 g force 30 um away
from the boronizing layer surface. The brittleness
rating is carried out on the size and shape of the
indentation, and the brittleness evaluation table is
shown in Table 1 [23]. As can be seen from Fig-
ure 4 and Table 1, the brittleness level of rare earth
boronizing is 2, and that of single boronizing is 4,
and the boronizing layer with rare earth element
added has low brittleness. This is because the bo-
ronizing layer is mainly composed of FeB and
Fe,B in single boronizing treatment. Due to the ex-
istence of the inherent brittleness of FeB and Fe,B,
brittle fracture of the boronizing layer is caused
when a large load is applied. The brittleness of bo-
ronizing layer is low, because the added rare earth
elements exist in the boronizing layer in the way of
solid solution, which changes the valence electron
structure of the boronizing layer, improves the in-
homogeneity of spatial bond, strengthens the B-B
bond of the boronizing layer, and inhibits the gen-
eration of cracks.

Table 1. Brittleness rating

Ta6auna 1. OueHka XpynkocTu

Brittleness level

Indentation
diagram

boronizing lay

transition laye

a)

Fig.4. Structure morphology: (a) rare earth boronizing; (b) single boronizing

6)

Puc.4. Mopdomorust cTpyKTypsl: (a) peakozeMensHoe 6opupoBaHue; (0) 0oqHOKpaTHOE OOpUPOBaHUE
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Wear resistance is a very important index of
bearing forging die. The original sample, single bo-
ronizing and rare earth boronizing samples were se-
lected for friction and wear tests. During the experi-

Wear resistance

shows the relation curve between friction weight loss
and wear time of bearing forging die. It can be seen
from the Figure that the weight loss of the original
sample increases linearly with the increase of time,
that is, the longer the time of wear, the more weight
loss.

ment, the sample was removed from the wear tester
every 5 minutes to measure the quality. Figure 5 (a)

50
45
40

Amount of wear/mg
- ~ ~N w w
n > 2 =) n

[
=3

—e— Original sample
—8— Single boronizing

—A— Rare earth boronizing
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Coefficient friction
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Substrates
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Time/s

e)

Fig.5. Friction performance of bearing forging die: (a) relationship between wear and wear time; (b) wear scar
morphology of untreated bearing forging die; (c) wear scar morphology of ordinary boronizing sample of bearing
forging die; (d) wear scar morphology of rare earth boronizing sample of bearing forging die; (e) friction coefficient

Puc.5. XapakrepucTuKy TpeHHs KOBOYHOTO IITaMIIa OALIMITHUKA: (@) B3aUMOCBSI3b MEXIY H3HOCOM U BpeMEHEM
n3Hoca; (0) Mopdotorus pybia n3HOCa He0OPaOOTAHHOTO IMITAMIIA ISl TOKOBKH MOAIITUITHAKA; (B) MOP(OJIOTHA
pyO1a u3HOCa 0OBIYHOTO GOPUPOBAHHOTO 0Opa3la mTamIa JUIsl HOKOBKH HOALIMITHHKA; (T') Mopdoorus pyOia
n3HOCa 00pa3sia OOPUPOBAHHOTO PEIKO3EMEIBHOTO 3JIEMEHTa [ITaMIla JJIst HOKOBKH MOAIINITHUKA;

1) K03 PUIUEHT TPeHUS
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The weight loss of single boronizing sample was
large in the early stage, and gradually stabilized after
10 minutes. Because there are many pores in the
sample layer after single boronizing, the roughness is
large. During the operation of the friction pair, the
roughness is slowly ground down, and the wear trend
begins to slow down. In the 60 min friction test, the
weight loss of the rare earth boronizing sample is
only 1/4 of the original sample, and 2/5 of the weight
loss of the single boronizing sample. If the wear re-
sistance of the three groups of samples is measured
by weight loss, the boron wear resistance of the three
groups of samples from good to bad is: rare earth bo-
ronizing sample, single boronizing sample, original
sample.

Figure 5 (b), (¢) and (d) are the morphologies
of wear marks of the three groups of samples after
friction for 15 min at a load of 100 N. In Figure 5
(b), the wear marks show furrow characteristics,
and the boronizing layer in the wear marks has lo-
cal peeling and crack characteristics. Compared
with Figure 5 (b), the wear marks in Figure 5 (c)
and Figure 5 (d) are shallow and narrow, and the
surface wear is lighter. After boronizing the bear-
ing forging die, the width of the wear mark of the
bearing forging die is obviously narrower than that
of the bearing forging die, and the morphology of
the wear mark changes greatly. The wear mark is
shallow and smooth, and there is no penetration
mark on the surface of the boronizing layer. After
the rare earth boronizing treatment, the width of
the wear mark of the rare earth boronizing sample
becomes narrower obviously, and the morphology
of the wear mark also changes greatly. This is be-
cause under the rare earth boronizing process con-
ditions, the boron atom activity is enhanced, the
boronizing layer and the matrix are more closely
combined, and the fatigue wear is mainly on the
whole.

It can be seen from Figure 5 (e) that the fric-
tion coefficient of bearing forging die matrix mate-
rial is much larger than that of rare earth boroniz-
ing sample. In the initial stage, the friction coeffi-
cient of the matrix sample fluctuates around 0.85
with the increase of the friction test time, and
reaches the maximum value of 0.96 at about 450 s.
Then, the friction coefficient gradually stabilizes,
and the average friction coefficient is 0.86. The
friction curve of rare earth boronizing sample fluc-
tuates in a small range around 0.24, and the friction
coefficient does not increase sharply.

High temperature oxidation resistance

Due to the high working temperature of the
bearing forging die (500-800 °C) [24], the high
temperature oxidation resistance test of bearing
forging die is carried out for the original sample,

single boronizing sample and rare earth boronizing
sample at 800 °C x 8 h. In the experiment, the sam-
ples were taken out and cooled to room tempera-
ture every lh before weighing, and the oxidation
weight gain was calculated. Figure 5 shows the
change curve of H13 steel's oxidation weight gain
at high temperature at 800 °C. As shown in the
Figure, the oxidation weight gain of the three
groups of samples increases rapidly at first and
then slows down as time goes by. This is because
the oxide film is formed on the surface of the sam-
ples as time goes by, which can inhibit the further
oxidation of metal. After 8 hours of oxidation test,
the oxidative weight gain of rare earth boronizing
is 68 % of the original sample, which is 95 % of
that of single boronizing, which means that at high
temperature, there is little difference in weight gain
between the rare earth boronizing layer and the
single boronizing layer, indicating that the addition
of rare earth has little effect on the high tempera-
ture oxidation resistance of the boronizing layer at
high temperature.

5.04{—"— Original sample

—~ |—¢— Single boronizing

«_ 45
o

= 4.0
Ess
g

‘= 3.0

[—e— Rare earth boronizing
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=25
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=

g 0.5
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Fig.6. High temperature oxidation weight gain curve
at 800 °C

Puc.6. KpuBas yBennmaeHUs Beca MPpU BBICOKOTEMIIEpa-
TypHOM OkuciieHuu npu 800 °C

Conclusions

In this paper, the microstructure and properties
of the rare earth boronizing layer of the bearing
forging die are studied. Through this method, the
wear resistance and high temperature oxidation re-
sistance and other properties of the bearing forging
die are greatly improved. The results show:

(1) CeO, can improve the microstructure of
the boronizing layer and make the boronizing layer
more compact and uniform, thus improving the
hardness of the boronizing layer. When 4 % CeO,
is added, the microhardness of bearing forging die
is 1612.69 HV (at the position of 60um from the
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surface), which is about 3 times higher than that of
original sample.

(2) Rare earth boronizing significantly reduces
the brittleness of the boronizing layer, because the
added rare earth elements exist in the boronizing
layer in the way of solid solution, which changes
the valence electron structure of the boronizing
layer.

(3) After rare earth boronizing, the surface
friction performance of the bearing forging die has
been greatly improved. The weight loss of the rare
earth boronizing bearing forging die is only 1/4 of
the original sample, and 2/5 of the weight loss of
the single boronizing sample. The width of the
wear scar is obviously narrowed, only local
spalling phenomenon exists, and the friction coef-
ficient is also reduced to 0.23. The high tempera-
ture oxidation resistance of the bearing forging die
at 800 °C is improved compared with the original
sample.
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