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Electro-spark deposition (ESD) is a green manufacturing method which is more energy-efficient than traditional heat
treatment methods and has minimal environmental pollution. ESD enables rapid carburization of metal surfaces by
the graphite electrode. Thus, the wear resistance property of the metal surface is improved. ESD can carburize the surface
of large steel structure parts in agriculture, improving wear resistance and service life. The traditional carburizing process
costs much money and is difficult to achieve. ESD carburizing can save much money and even carburize the partial surface
of the part. The traditional carburizing process cannot achieve these. This research employed rapid ESD equipment with
rotary electrodes for the surface carburization of No.45 steel. The experiments used the Taguchi orthogonal array (OA)
factorial design method. The four critical factors of the ESD process, such as energy, duty cycle, voltage and frequency,
were tested. Four parameters and four levels were used to perform sixteen groups of carburizing experiments. The free-
state graphite powder was removed from the surface of the deposited samples. The deposited surfaces were analyzed by
X-ray diffraction (XRD). According to the diffraction pattern, the composition of the material was compared. It was found that
wear-resistant Fe,C and modified sintered graphite. The linear reciprocating dry friction experiments at room temperature
were carried out with a 6mm CrO, friction ball under 15N pressure. The ultra-deep field microscope was used to examine
the experimental surfaces, and the characterization parameters were based on the abrasion marks. The parameters were
characterized by an ultra-deep field microscope and analyzed according to the abrasion marks. The abrasion marks can
help to obtain three feasible deposition process solutions. Finally, the extreme value design of Taguchi OA was carried out
on the width of abrasion marks. The optimized process solution was obtained and verified by experiments. In this article,
abrasion mark method can better characterize the wear resistance of materials than other methods. The abrasion marks
method was more convenient when the interface between the coating and the substrate (such as carburized materials)was

not obvious. The process scheme can help enterprises solve the carburizing process of large carbon steel parts.
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1 Introduction

The electro-spark deposition is used as a traditional
surface enhancement method. Lazarenko B. and Lazarenko
N. initiated the processing theory(Stavitskii, 2010), which is
now widely used in surface machining processes. Since
metallurgical bonding can be achieved on metal surfaces
through electro-spark discharge, ESD can harden metal
surfaces and improve their wear resistance and fatigue
strength. It is widely used in the generation of surface
coatings on metals. The ESD can achieve strengthening
on the metal surface, such as carburization(VB Tarelnyk
et al, 2018), nitriding(Viacheslav Tarelnyk et al.,
2022), sulphurisation(Viacheslav Tarelnyk et al., 2017),
nitrocarburisation(Gaponova et al., 2022) and aluminized
surface (Kirik et al., 2018).

Viacheslav investigated the carbonization process using
discharge energy(VB Tarelnyk et al., 2018) and graphite
powder (VB Tarelnyk et al., 2022). Karavaev studied
surface wear resistance with the current and the number
of machining cycles in ESD (Karavaev et al., 2019).
Shevchenko analyzed the ultrasound method in the process
of carburizing(Shevchenko, 2020).

The 45 steel had low cost and good overall mechanical
properties but had poor wear resistance (Chen et al., 2013).
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The carburizing process was carried out by adding carbon to
the surface layer of the metal, which formed a high-strength
carbide(Dai et al., 2022). The carburizing furnace was used
by adding gas, liquid, or solid in the traditional carburizing
process(Nakayama, 1992). The metal was heated to
a certain temperature, maintained a particular time to
achieve, and carburized(Edenhofer et al., 2015). For large
equipment, carburizing required special large equipment
and high costs. For some specific structures, it was even
hard to carburize. ESD carburizing can be carried out on
the surface of large machinery and equipment outdoors
without the special carburizing furnace. The carburizing
process was studied using graphite electrodes to improve
the wear resistance of 45 steel(Padgurskas et al., 2017).
It is particularly advantageous for agricultural machinery,
pumps, and mechanical tools. These machines are often
made from 45 steel, which is a good value for money and is
used as the base material.

2 Materials and Methods

2.1 Material Process and Deposition Parameters

First, No. 45 steel with a size of 25*30mm and 2mm
thick was used as a sample. Then, the surface was
sanded separately using 600-grit sandpaper to remove
the oxidized layer and impurities. The surface was
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cleaned with 99% ethanol. Finally, a high-speed ESD
repair machine(fig.1 Huimite HMT9500, China) was used
for carburizing the 45 steel surface. The 3mm diameter
graphite rod was used as an electrode, and Argon was

used as a shielding gas. A 4-factor and 4-level test was
carried out using a Taguchi OA factorial design (Weiwei
et al., 2007). The process parameters are shown
in Table 1.

Fig. 1- The high-speed ESD repair machine (HMT9500)

Table 1
The ESD carburizing process parameters

Efficiency(%) Voltage(V) Current Frequency(Hz) Time(s)
No. A B D
1 20(1) 25(1) 100(1) 120(1)
2 30(2) 35(2) 180(2) 240(2)
3 40(3) 45(3) 260(3) 360(3)
4 50(4) 55(4) 340(4) 480(4)

( )-Level values in brackets

2.2 Materials Testing methods

Graphite powder was wiped from the machined surface
with a brush. The composition of the deposited surface was
analyzed by the X-ray diffraction(XRD) method (Bruker D8,
Germany). The experiments were carried out using a linear
reciprocating friction wear machine (Huaxin MWF-500,
China). The sample was fixed through a special fixture.
A 6mm diameter friction ball (ZrO2, G10 accuracy) was
used for the surface abrasion test, as shown in Fig. 2. The
electric motor rotated at 100r/min, and the reciprocating
distance was 6mm. Thus, the motor performs two times
movements per 1 cycle. The experimental time was 15 min
for the reciprocal dry friction experiment. The temperature
of the experimental environment was 25°C, and the humidity
was 53%. Abrasion debris was produced on the surface
of the friction samples. The surface powder was removed
with a brush. The surface was scratched with alcohol
and dried naturally. Then, the samples were weighed
on a balance (Sartorius BSA224S-CW, China). Finally,
the abrasions were measured with a microscope (Leica
DVM6, Germany).

Vi % LX(2L 4y * Lye 13481, 115L,c) ()
Ly =R—R*—(Ly/2) @)

In equation 1: ¥, -Wear volume of the sample, mm®.
L -Length of abrasion, mm. L ,,,-Depth of abrasion, mm.
L. -Width of abrasion, mm. In equation 2: R -Radius
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of the friction ball, mm. Three abrasion mark experiments
were carried out, and the relevant parameters were
measured.

3 Results and Discussion

3.1 Abrasion morphology of the carbonized experimental
samples and non-carbonized samples

Carburization deposition of 45 surfaces was carried
out according to the experimental parameters in Table
1. Wear resistance can be analyzed based on the quality
of the deposition (Mikhailyuk et al., 2010). Because
the carburized surface had graphite powder, this paper used
abrasion marks for the analysis (Zhu et al., 2019).

The wear resistance of the metal surfaces was tested
using the linear reciprocal friction and wear machine.
There were free-form graphite powder and sintered-form
graphite powder on the carburized surface. Then, free-
form graphite powder on the surface was gently scrubbed
with a soft brush. The machine adopted ZrO2 rubbing ball
as counter-abrasive material on a steady pressure of 15
N. Each friction test was carried out three times. The width
of the middle part of the abrasion was measured five times.
The maximum value, minimum value, and middle values
were measured (Fig. 3). At the edges of the abrasions,
there were clear spalled areas of the material which were
not smooth (Fig. 3a). The distinctive scratches appeared
at the upper edge of the abrasion mark. When carbide
powder with hard phases on the underside was broken off
by the force of the friction ball, it moved toward the outside
of the scratch. The abrasions gradually grew in size under
the reciprocal rubbing process. The apparent oxidized sheet
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Fig. 2-Schematic diagram of the friction ball: a)parameter diagram of abrasion marks; b) movement diagram of the
friction ball

appeared at the bottom of the abrasion, which indicated that
the friction force increased during the sliding process. These
led to increased surface roughness and plastic deformation
of the micro-protrusions. It caused an increase in local
temperature and accelerated oxidation of the surface. There
were tiny scratches at the bottom of the abrasion, hard

spot burnishing on the bottom, and craters on the surface.
Through the experimental comparison group, it was found
that the abrasion width was smaller than that of the sample
without carbonization (Fig. 3b). Due to the generation of hard
particles on the worn surface, the increase in surface friction
led to the appearance of an oxidized layer.

b)

Fig. 3-The 500X morphology of abrasion: a) Abrasion in carbonized materials; b) Abrasion in uncarbonized
materials.

3.2 Results of orthogonal carbonization experiments

The deposition experiments were carried out by 4 level 4
factor factorial design. Four factors included efficiency (duty
cycle), discharge voltage, current frequency, and time(Xiang
et al., 2017). Moreover, the average values and the average
variances of the abrasion width were plotted, respectively. The
samples without surface carbonization were also analyzed
for comparison. It can be seen from Table 2 that the average
value of sample 6 was the smallest, and the abrasion width
of samples 3, 7, and 15 were smaller (Fig. 4). In the three
samples, the variance of sample 15 was better than that
of sample 3 and sample 7(Fig. 5). In contrast, sample 9 had
the widest wear masks. Corresponding parameters such as
efficiency (duty cycle), discharge voltage, current frequency,
and time were all small. The carburizing effect was not good,
and the wear resistance was poor.

Due to the accumulation effect of continuous
pulses of current, sample 11 had a significan duty cycle
value and voltage value, but the electrode graphite
was significantly ablated at the head of the electrode,
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and the surface deposited was not the highest value for wear
resistance. It showed that the abrasion width was smaller,
and the wear resistance was better. The variance was also
small, indicating that the surface uniformity was good. The
average values and the average variances of the abrasion
width should be considered comprehensively.

According to the comparison group, it was found that
uncarbonized samples had a larger width of abrasion
marks than the carburized ones (Fig. 4b). Their mean
variances were smaller than that of the carburized group,
which indicated that the material properties were close
(Fig. 5b). However, carburized samples had been altered
material properties due to the different carburizing process
parameters. Because the hard phase was unevenly formed
on the surface of the carburized sample, it would cause
a sizeable average variance.

3.3 XRD analysis of carbonized surface

XRD analyses were carried out on the deposited
samples. The surface of 45 steel was found to be mainly
graphite and Fe,C. And Fe,C generated on the surface
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The ESD carburizing process parameters

Table 2

Factor1 Factor2 Factor3 Factor4 Abrasion Width
A B C D
_ . Average Value Average
No. Efflc‘:ency, Volt, frgc:lﬂzenncty, Time, ,(gm) Variance,%pmz)
(%) V) {Hz) (s)
1 20 45 260 360 460.38 290.58
2 30 25 180 360 510.61 982.07
3 40 55 180 120 414.52 5360.59
4 40 35 340 360 424.84 1272.93
5 50 55 100 360 493.33 4780.89
6 20 55 340 480 387.93 921.12
7 50 35 260 120 414 .88 2273.91
8 30 35 100 480 500.09 769.31
9 20 25 100 120 631.11 126.59
10 20 35 180 240 527.41 113.30
1 50 45 180 480 467.29 6410.23
12 30 55 260 240 546.79 1552.33
13 40 25 260 480 437.15 1053.56
14 50 25 340 240 419.06 949.52
15 30 45 340 120 414 .47 526.93
16 40 45 100 240 439.39 891.23
) T Min~Max
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Fig. 4-The Average Value of Abrasion Width: a) Experimental groups of Taguchi OA; b) Uncarbonized
experimental groups
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Fig. 5-The Variance of Abrasion Width: a) Experimental groups of Taguchi OA;
b) Uncarbonized experimental groups
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of 45 steel (Krishnia et al., 2016)was the hard phase
that increased wear resistance(BALTUSNIKAS et al.,

weakened the lubrication effect of graphite in dry
friction. Ferrum was not detected on the surface(Fig.

2006). In the friction wear test, the surface produced 6), indicating that the surface was completely
a mixture of Fe,C hard particles and graphite, which  carbonized.
- ° *-Fe,C
= o-Graphite
=
2
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E
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Fig.6- XRD patterns of the carbonized surface on 45 steel

3.4 Data Analysis of Orthogonal Experiment

Orthogonal experimental calculation of deposition data
was carried out on 4-factors and 4-levels by Taguchi theory.
As the value of the abrasion width was smaller, the wear
resistance was better (Reséndiz-Calderén et al., 2020).
It was selected that the minimum value corresponded to
the four factors. It can be seen from Table 3 that a smaller
extreme R meant a more significant factor. According to
extreme R, the effect on wear resistance was found to be
time D > efficiency A> frequency C > voltage B.

600 Factor A Factor B

500 —o — . o o

It was found that the longer time did not mean better
deposition but that there were essential links in the four
factors. In the experiments, the electrode temperature rose
too quickly when the duty cycle, voltage, and frequency
were large. The graphite ablation was serious. So
the deposition process could not obtain optimal results
(Fig.7). Therefore, reasonable process parameters were
the key to the carburized process.

InTable 3,A4B2C1D3 was chosen as optimal parameters.
Among the experimental samples, A1B4C1D3(sample 6),

—o— Value
Factor D

././4—0./.\'/.

Factor C

T T T T T T T T T T T T T T T T
Al A2 A3 A4 Bl B2 B3 B4 Cl C2 €3 4 DI D2 D3 D4

Factor

Fig. 7-Variation trend of the width of the abrasion marks with process parameters

A3B4C4D1 (sample 15), and A4B2C3D1(sample 7) have
better wear resistance and surface uniformity. They can also
be used as an alternative in industrial applications.

3.5 Surface abrasion morphology and parameters
of the optimal process

The optimal process parameters were selected for
deposition (Table 4). Fig. 8 shows finer abrasion marks.
It indicated that the material had better wear resistance.
Although the solidified graphite was deposited on the surface,
ithad a small brown oxidized layer in the middle of the abrasion
marks on the surface. The mass of wear powder was smaller,
and the abrasion width was narrower. So the surface wear
resistance was better. The average abrasion width of sample
2 (Fig. 4b) was 756.441 pym. According to equation 2,
the depth of abrasion was 23.937 um, which was substituted
into equation 1 to obtain the volume of 85.484 x 10 mm?.

BicHuk CymcbKkoro HauioHanbHOro arpapHoro yHiBepcurteTty

The density of Ferrum was 7.87g/cm3, and the wear quality
was calculated as 6.73x10g.

Table 4
Optimal process parameters for surface carbonization
deposition on 45 steel

Ad B2 C1 D3
Efficiency, Voltage, Current Work Time,
(%) (V) frequency, (s)

(Hz)
50 35 180 360

Similarly, in the optimal process, the average value
ofthe abrasion widthwas 268.206um, and the depth of abrasion
was 2.999 um according to Equation 2, which was substituted
into Equation 1 to give a volume of 3.217 x 105cm?. Because
the density of fe3c was 7.694 g/cm3 (Haynes et al., 2016),
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Table 3

Orthogonal experimental calculation

A B C D Value
1 1 3 3 3 460.38
2 2 1 2 3 510.61
3 3 4 2 1 414.52
4 3 2 4 3 424.84
5 4 4 1 3 493.33
6 1 4 4 4 387.93
7 4 2 3 1 414.88
8 2 2 1 4 500.09
9 1 1 1 1 631.11
10 1 2 2 2 527.41
1 4 3 2 4 467.29
12 2 4 3 2 546.79
13 3 1 3 4 437.15
14 4 1 4 2 419.06
15 2 3 4 1 414 .47
16 3 3 1 2 439.39
k1j 501.71 492.99 428.98 448.64
k2j 499.48 466.81 445,38 460.64
k3j 515.98 479.96 464.80 411.58
kdj 468.75 483.16 472.29 448.12
QJ 1985.92 1922.92 1811.45 1768.97
MIN 468.75 466.81 428.98 411.58
R(MAX-MIN) 47.24 26.19 43.32 49.07
OPTIMAL VALUE Ad B2 C1 D3

the abrasion mass was 2.47 x 10%g. The balance is difficult
to guarantee the measurement accuracy of the quality. Due
to the rough texture of the abrasive surface (Fig. 8b) (Zhu
et al., 2019), the actual wear quality should be smaller than
the theoretical calculation. The wear resistance was compared
by the abrasion width, and the width of the wear scar has
excellent accuracy compared to the quality on the carburized

surface of 45 steel. Optimization of the carburizing parameters
results in better wear resistance.

4 Conclusions

Metal surfaces can be easily carbonized by the graphite
electrode. On the basis of the obtained test results, ESD can
increase the wear resistance of the material surface. Process
parameters are essential in electro-spark deposition.

71282
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Fig. 8-Surface abrasion morphology of the optimal process:

a) 2D Shape;

b) 3D super depth of field morphology.
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1) It was used to comprehensively evaluate the wear
resistance with better results that average width and average
variance of abrasion marks when the graphite powder
and the grinding dust were small in mass. This article
showed the abrasion marks method was easier than other
method in the carburized materials.

2) It was used Taguchi's factorial method and calculation
to find out the optimal process to guide graphite deposition.
The deposition parameter values were larger, but
the abrasion width was not necessarily smaller, and the wear
resistance was not necessarily the best. An optimal process
parameter and three industrial alternatives were found by
experimental design.

3) Free graphite powder and sintered graphite powder are
produced on the carbonized surface. If the wear resistance is
analyzed according to the quality of the deposition, graphite
powder on the surface is susceptible to treatment methods
and humidity. These can then cause significant errors in
the statistical results. Therefore, the abrasion marks method
can accurately evaluate wear resistance. It can be used in
powder composites.

4) The graphite powder on the surface reduced friction
in the early stages of friction, but it had a limited effect
with the hard abrasive powder on the reduction of friction.
There even was an oxidized layer on the deposition
of the surface.
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Cinb Ay, acnipaHm, Cymcbkul HayioHanbHUl agpapHull yHisepcumem, M. Cymu, YkpaiHa, Konedx CiHbcsiH, Kumad

HocnidxeHnHsi cmilikocmi 0o 3Hocy Kap6oHizoeaHoi 45 cmani 3a OOMOMO20K MEXHOJIORii Ocad)KeHHs
efiekmponpoeody

Enekmpoickpose ocadxerHs (EIO) - ue ekonoeaiyHo yucmul memod 8upobHuumaea, skuli € binbw eHep20eheKmMuUsHUM,
HiX mpaduyitiHi Memodu mepmiyHoi 06pobKu, i Mae MiHiMarnbHe 3abpyOHeHHsI HasKoMuWHbL020 cepedosuwja. EIO 3abes-
reyye weudke HagyaneyreaHHs Memanesux MnosepxoHb 2pagimosum enekmpodom. Takum YUHOM, MOKPauwyemnsCs 3HO-
cocmitikicmb Memarnesoi nosepxHi. EIO Moxe 3Heasyarneyrosamu rnos8epxHio 8ENUKUX Cmaneaux KOHCMPYKUIU Y CirbCbKoMy
eocrodapcmei, nokpaujytoHu 3Hococmitikicmb i mepmiH ciyx6u. TpaduuitiHull npouec uemeHmauii kowmye 6azamo 2po-
wel i Uo2o saxko docsiamu. EnekmpoximidHe 3HegyaneytosaHHs Moxe 3aowjadumu 6azamo epowell i Hasimb 3Hegyare-
urogamu 4acmekosy rnoeepxHro demarni. TpaduuitiHuti npoyec ueMeHmauii He Moxe Ubo2o docsiemu. Y UboMy O0CITIOKEHHI
6yrno sukopucmaHo obradHaHHs Onisi WeUOK020 eleKmMpoeposiliHo20 3HesyareyosaHHs 3 0bepmosuMu enekmpodamu
07151 108epXHe8020 3HeayaneursaHHs1 cmarni Ne45. B ekcriepumeHmax gukopucmogysascs Memod ¢hakmopHO20 raHy-
8aHHS1 OpPMO2OHarbHUX Mampuyb Tagymi. byno npomecmosaHo Yomupu KpUMUYHI ¢hakmopu npoyecy enekmpoepositiHol
06pobKu, maki siK eHepeid, poboyull yukm, Hanpyaa i Yacmoma. Yomupu napamempu i yomupu pigHi 6ynu sukopucmadi
07157 MposedeHHs wicmHadusamu epyrn ekcriepumMenmie 3 uemeHmauji. lopowok epacbimy y einbHoMy cmaHi 6y sudaneHut
3 10sepxHi ocadxeHux 3pa3kie. OcadxeHi nosepxHi byru npoaHanizoeaHi Memodom peHmaeHiecbkoi dugbpakuii (XRD). 3a
OugbpakuitiHo KapmuHoK ropigHIosanu cknad mMamepiarny. byno euseneHo, wo 3Hococmitikul Fe,C i modugikosaHul
cnevyeHul epachim. ExkcnepumeHmu 3 niHiiIHO20 380POMHO-NOCMYNanbHO20 CyX020 Mepms Mpu KiMHamHit memnepamypi
nposodunu 3 6-minimemposum ghpukyitHum wapukom CrO, nid muckom 15 H. [ns docnioxeHHs eKcriepumeHmarnbHux
M0BEPXOHb 8UKOPUCMOBy8asnu Hadanubokul nonbosuli MIKPOCKOM, a napaMmempu xapakmepusauji 6adysanucsi Ha cridax
cmuparHs. [Mapamempu byrnu oxapakmepu3soseaHi 3a 00rMoMo20t0 Had2rnuboKo20 NoIb08020 MIKPOCKONa ma rnpoaHari3o-
8aHi 8i0rogidHo 0o cnidie cmuparHs. Cridu cmupaHHS MOXymb A0rnoMO2mu ompuMamu mpu MOXIIUBUX MEXHOMO02IYHUX
piweHHs1 Onsi ocadxeHHs. Hapewmi, 6yro npogedeHo po3paxyHoK ekcmpemaribHUX 3Ha4eHb Taguchi OA ro wupuHi cridie
cmupaHHa. OnmumizogaHe mexHosnoaidHe pileHHs Byrno ompuMaHo i nepesipeHo ekcrepumeHmarnsHo. Y yiti cmammi
rokasaHo, Wwo Memo0 cridie cmupaHHs MOXe Kpalue xapakmepusysamu 3HOCOCMIlKICMb Mamepiarie, HiX iHWwi Memoou.
Memod cnidie cmupaHHs suseuscs binbLu 3pyYHUM, KOIU Mexa po30iny Mix nokpummsm i nioknadkoro (Hanpuknad, obeye-
NleHi Mamepiarnu) He byna oyesudHor. TexHomoaiuHa cxema Moxe 0ornoMoemu nidnpuemMcmeam aupiluumu npouec kapbro-
pusauii eenukux 0emarnel 3 8yaneuesoi cmarii.

Knrovosi cnoea: Enekmpoickpose ocadxeHHs:, yemeHmauis, Memod Taz2ymi, 3Hococmilikicmb, c1idu CmupaHHsi.

BicHuk CymcbKkoro HauioHanbHOro arpapHoro yHiBepcurteTty
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