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ABSTRACT: Nodular cast irons are used in many industrial applications such as machine frames and body, roll-
ers and engine blocks due to their higher strengths and ductility with good machinability comparable to grey cast 
irons. In this study, the outer surface of nodular cast irons (GGG-60) was coated with WC/Co using electro spark 
deposition (ESD). The aim of the study is to improve both the surface quality and wear behaviour with the coatings 
formed on the surface of the plastic deformation rollers, whose wear resistance decreases over the time due to high 
stress working conditions. Heat treatment at 950 ºC for 2 h was applied to the GGG60 specimen rollers and half 
of the rollers were uncoated and the other half was coated with WC-Co electrodes. The wear behaviour of the heat 
treated and coated surfaces was measured by ball-on-disc wear method using Al2O3 ball bearing with a diameter of 
6 mm for a sliding distance of 250 m at a sliding rate of 6.5 m·s-1 under a dry condition, and using a load of 40 N. 
WC/Co coatings were successfully applied to rollers. In the SEM/EDS images, the presence of W, Fe, C, Co and 
Al elements in the coated part of the rollers and Fe, C and Al elements in the uncoated region were detected. It was 
concluded that Coating and heat treatment increased the wear resistance by nearly 5 times and decreased the friction 
coefficient by 2.13 times. 
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RESUMEN: Comportamiento frente al desgaste de rodillos de fundición dúctil GGG60 recubiertos con WC-Co mediante 
electrodeposición por chispa. Las fundiciones nodulares se utilizan en muchas aplicaciones industriales, como bastidores y 
carrocerías de máquinas, rodillos y bloques de motor, debido a su mayor resistencia y ductilidad con una buena maquinabili-
dad comparable a la de las fundiciones grises. En este estudio, la superficie exterior de las fundiciones nodulares (GGG-60) 
se recubrió con WC/Co mediante electrodeposición por chispa (ESD). El objetivo del estudio es mejorar tanto la calidad 
superficial como el comportamiento frente al desgaste con los recubrimientos formados sobre la superficie de los rodillos 
deformados plásticamente, cuya resistencia al desgaste disminuye con el tiempo debido a las condiciones de trabajo de alto 
esfuerzo. Se aplicó un tratamiento térmico a 950 ºC durante 2 h a los rodillos de GGG60 y la mitad de los rodillos se dejaron 
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sin recubrir y la otra mitad se recubrió con electrodos de WC-Co. El comportamiento al desgaste de las superficies tratadas térmicamente y 
recubiertas se midió mediante el método de desgaste bola sobre disco utilizando bolas de Al2O3 con un diámetro de 6 mm para una distancia 
de deslizamiento de 250 m a una velocidad de deslizamiento de 6,5 m·s-1 en condiciones secas y utilizando una carga de 40 N. Los recubri-
mientos de WC/Co se aplicaron con éxito a los rodillos. En las imágenes SEM/EDS se detectó la presencia de elementos de W, Fe, C, Co y Al 
en la parte recubierta de los rodillos y de elementos de Fe, C y Al en la región no recubierta. Se concluyó que el recubrimiento y el tratamiento 
térmico aumentaron la resistencia al desgaste en casi 5 veces y disminuyeron el coeficiente de fricción en 2,13 veces.
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1. INTRODUCTION

Hot rolling of metals is one of the most effective 
plastics forming methods used in the mass production 
of different geometric shapes for which the metal stock 
is passed through pairs of rolls. The metal plates are 
rolled to reduce the thickness and are given specific 
shapes for desired application. In different mechanical 
conditions, rolls are exposed to compression, shear, 
bending, or torsional stresses depending on various op-
erating conditions (Xu et al., 2017; Cheng et al., 2017). 
Such stresses during the rolling operation increase the 
wear on the roller and affect the surface quality of the 
final product. It is possible to prevent such situations 
that limit the life of the roller with the improvements 
made on the roller (Tieu et al., 2011; Phan et al., 2017). 
Due to its features such as high wear resistance, tensile 
strength, oxidation resistance, ductility, rolling mills 
are made of spheroidal or nodular graphite cast iron 
(also called Ductile Iron or GGG in the literature) in 
industry (Yang et al., 2013; Faisal et al., 2019). How-
ever, different operating conditions significantly affect 
the wear performance of the rollers produced from this 
type of material. Although it is recommended in the 
literature that the wear performance can be improved 
by methods such as alloying addition, this causes a 
decrease in the ductility and formability of the roller 
material as a result of changes in the internal struc-
ture of the material (Alhussein et al., 2014; Kim et al., 
2008). Recently, it has become possible to prevent such 
problems with various coating technologies (Luo et al., 
2015; Méndez-Medrano et al., 2018; Jiang et al., 2018; 
Rezende et al., 2019; El Azhari et al., 2020; Yuan et al., 
2021; Ling et al., 2022).

ESD coating is one of the few methods that can be 
performed at room temperature (Chen and Zhou, 2006; 
Burkov and Pyachin, 2014). Since the coating layers 
are bonded to the substrate by alloying, it is possible to 
obtain fine-grained, homogeneous and thicker coatings 
with the ESD technique (Burkov and Pyachin, 2014; 
Kayalı and Talas, 2021). With this coating method, a 
coating layer consisting of most metal, alloy or com-
position can be deposited on the surface of the sub-
strate without extensive preparation (Ruijun et al., 
2005; Aghajani et al., 2020; Kayalı and Talas, 2021). 
Since the devices required for ESD technique are easy 
to carry and operate, they can be used in various indus-

trial applications (Ebrahimnia et al., 2014; Rukanskis, 
2019). While the presence of Tungsten and Cobalt in 
the coating increases the wear resistance, Nickel and 
Molybten negatively affect the tribological properties 
of the coatings. In recent years, coatings in W-C-Co 
combination have a positive effect on wear and surface 
hardness values (Moura e Silva et al., 2006; Vernhes et 
al., 2013).

In this study, the wear behavior of the samples coat-
ed with WC/Co with the ESD technique was compara-
tively investigated. The roller used in the experimental 
environment was coated with WC/Co. The changes in 
the surface after the rolling process were investigated 
by SEM/EDS. Coating a rolling mill used in an exper-
imental environment and examining it experimentally 
is important in terms of the study’s contribution to the 
literature. 

2. MATERIALS AND METHODS

2.1. Material and ESD coating

In this study, the wear behaviour of GGG 60 sphe-
roidal graphite cast irons coated with WC/Co prepared 
in Ø20×5 mm dimensions were investigated. Then, 
an Ø60×70 mm rolling roll was coated with a WC/
Co electrode. Images of coated cylinders are shown in 
Fig. 8. The changes in the roll surface as a result of the 
rolling process were examined. The chemical composi-
tion of the substrate material is shown in Table 1. Heat 
treatment was applied to improve the wear behaviour 
of GGG60 cast iron with low surface hardness. In the 
heat treatment, the samples were austenitized at 950 °C 
for 2 h, then, austempered at 250 °C for 2 h (Zhang et 
al., 2014). 

table 1. Chemical Compositions of the Test Materials, wt.%, 
with iron to balance

GGG 60 C Mn P Si Cr Cu
% wt 3.56 0.13 0.03 2.21 0.35 0.73

During the coating process, the substrate GGG60 
roller was placed in a slot on the coating machine 
whose rotation speed can be adjusted. The coating 
process was carried out at electrode rotation speed of 
230 rpm, coating voltage of 132 V and coating frequen-
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cy of 1230 Hz. Argon gas was used during the process 
to reduce surface roughness and coating defects. The 
spark formation during ESD coating was achieved by 
gently touching the vibrating electrode applicator to 
the substrate material. Following each coating, ESD 
coated surface was cleaned using 1000G sandpaper be-
fore the next coating process.

2.2. Wear test 

The tribological performances of the coatings were 
determined by the wear test. Wear tests (in ASTM G-77 
standards) were performed with a 6 mm diameter Al2O3 
ball on the Tribometer T10/20 (UTS) device (Fig. 1). 
During the wear test, samples with dimensions of 
Ø20×5 mm were used. The experiments were carried 
out in dry conditions and at room temperature, under 
a load of 40 N, at a sliding speed of 6.5 m·s-1, at a ro-
tational speed of 240 rpm and at a distance of 250 m. 
After the wear test, the wear tracks on the surface were 
analyzed using Mitutoyo brand roughness tester. Fric-
tion coefficients and specific wear rates (SWR) were 
obtained with respect to the effect of heat treatment and 
coating. 

process was carried out at a speed of 1 m·min-1. After the 
rolling process, sections were taken from various parts of 
the coated roller. Scanning electron microscopy was used 
to image the worn surface on both coated and uncoated 
surfaces. A field emission scanning electron microscope 
(SEM, Hitachi – SU 1510) was used to analyze the frac-
ture morphology and defect densities in the coatings. Fig-
ure 2 shows the device used during the rolling test.

FiguRe 1. Tribometer T10/20 (UTS).

2.3. Hardness test

The cast samples were first sanded so that the sur-
face hardness values could be read more easily. A load 
of 200 g was applied on the samples for 10 s. Emcotest 
– Durascan G5 Brand micro hardness measuring de-
vice was used during the experiment.

2.4. Rolling process

The rolling process was carried out on two differ-
ent bars (St 37 and Al 6035) with the same dimensions 
(12x37.5x500 mm). Rolling forces were set as 20 kN for 
St 37 and 5 kN for Al6035 alloy in order to achieve sim-
ilar amount of deformation ratio in strips with different 
surface hardness and bulk modulus values. The rolling 

FiguRe 2. Rolling device.

3. RESULTS AND DISCUSSION

3.1. Wear test

The GGG60 ductile iron specimens were heat treat-
ed by fully austenitizing followed by austempering by 
which specimen internal stresses were drastically re-
moved. In order to evaluate the wear characteristics of 
the coated and uncoated ductile irons were used as a 
counterface disks. 

The changes in the friction coefficient and SWRs 
of all specimens in dry conditions are given in Table 
3 and Fig. 3. It can be seen that the lowest coeffi-
cient of friction occurs in the heat-treated and coated 
sample, and the highest coefficient of friction occurs 
on the substrate that is non heat treated. SWR values 
were calculated from the surface roughness data mea-
sured with a 2D profilometer from the wear zone. The 
friction coefficients of the heat-treated coated sample 
and non heat treated and coated specimens are almost 
similar to each other, i.e. 0.32 and 0.39, while the 
friction coefficients of the heat treated and non heat 
treated uncoated specimens are also higher in values 
i.e. 0.68 and 0.51 compared to uncoated specimens. 
There is an exception of a sudden drop in COF value 
in non heat treated and non coated specimen at around 
160 m of wear experiments, which may be a result of 
excessive wear of metallic layer and increased ratio 
of graphite on the surface leading to reduced COF. It 
is interesting that sudden increase following the drop 
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region suggests that graphite appears to have worn 
off quickly and a metallic layer is formed with a high 
COF value. Similar COF observations are available 
for non heat treated ductile cast iron, being 0.54 in 
steady state region of COF vs. sliding distance di-
agram (Pagano et al., 2016), which is very close to 
the value observed in this study. The ESD coating of 
GGG60 surfaces with WC+Co electrode significantly 
reduces the SWR but heat treatment process does not 
decrease it as much as WC+Co coating.  SWRs follow 
the trend in coefficient of frictions, that is, the non 
heat treated specimen produced a specific wear rate of 
169.56x10-6 mm3/Nm, which is relatively high com-
pared to 33.85x10-6 mm3/Nm, which is obtained from 

heat treated and coated surface. Heat treatment and 
coating processes increased the wear performance 5 
times more than the lowest coefficient of friction, i.e. 
33.85x10-6 mm3/Nm. 

SEM/EDS images of worn surfaces after wear test-
ing are given in Figs. 4-7. Metallic residues from de-
lamination of the substrate due to fretting or from the 
action of the abrasive that gets into between the abra-
sive ball and the substrate, causing increased surface 
wear (Kayalı and Talas, 2019; Burkov and Krutikova, 
2020). Repeated loads result in extensive loss of ma-
terial in the form of pitting in most metallic systems, 
here, the non-heat treated sample produced similar 
form of wear with the highest wear rate. Spheroidal 
or nodular formation in the cast iron is believed to be 
partly responsible for this wear mode is it creates high-
ly stressed zones which are easily removed during the 
action of ball movement on the surface. Graphite nod-
ules are naturally in nodular formation and not strongly 
attached to the matrix, when it is close to the surface, 
graphite nodules may act like a stress raiser as the wear 
load is applied and passing directly on them.

Figures 4 and 5 show coated surfaces of heat treat-
ed and non-heat treated substrate GGG60 roller and 
cross-sectional microstructure just below the surface of 
GGG60 before and after heat treatment process. Non 
heat treated surface contains pitting appearance (Fig. 
4 (a-b)) whereas heat treated surface is lacking such 
formation (Fig. 5 (a-b)). Optical images of surfaces 
(Fig. 4c and Fig. 5c) show that the surface of non-heat 
treated GGG60 contains more nodular structures clos-
er to the surface while heat treated surface of GGG60 
contains a decarburized region of more than 100 µm 
thick. This decarburised region has less graphite and 

table 2. Specific Wear Rate (SWR) and Coefficients of Friction values of GGG60 specimens

Abrasive Ball Type Al2O3

Materials Coefficient of Friction, μ S. Wear rate x 10-6, mm3/Nm
No Heat Treatment + No Coating 0.68 169.56
Heat Treated + No Coating 0.51 97.34
No Heat Treatment + Coated with WC/Co 0.39 69.08
Heat Treated + Coated with WC/Co 0.32 33.85

FiguRe 3. Coefficient of  friction values with respect to the 
wear distance (trend line of  averages of  measurements).

FiguRe 4. Non heat treated and WC-Co coated GGG60 specimen surface a) SEM image and b) Elemental mapping image and 
c) optical image of  microstructure just below the surface of  GGG60 before heat treatment.
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more ferritic microstructure which is apparent due to 
its light metallic colour. Heat treated surface was in 
contact with air and some of graphite nodules and C 
in matrix are believed to have generated CO during the 
heat treatment, leading to the formation of CO2 with 
two step reactions (Moormann, 2011) and hence the 
number and/or size of the graphite nodules on the sur-
face is likely to be reduced significantly. It is also pos-
sible that decarburization helps to produce a good met-
allurgical bonding by non-wetting of graphite due its 
high surface tension which leads to pitted appearance. 
The substrate iron matrix with less graphite and car-
bon in matrix of cementite/bainitic/martensitic would 
also help produce a good metallurgical bonding during 
the micro welding action, too. The high carbon content 
presents difficulty in weldability of steels in general 
(Cárcel Carrasco et al., 2022). The melting point of the 

alloy of substrate and electrode material is likely to rise 
above 1600 ºC, on the other hand, graphite sublimates 
at 3550 ºC, which shows that graphite is significant-
ly heat-resistant enough to withstand the temperature 
of molten metal which remains as alloying liquid very 
briefly during the coating process.

Figure 6 and Fig. 7 show SEM images and EDX 
mapping of heat treated and non-heat treated and coat-
ed GGG60 surfaces, respectively. It is easily observed 
that the most of the delamination are from the regions 
where graphite nodules are present near the surface. 
Graphite nodules can behave as stress raisers or an 
initiation point for fatigue wear. A flake formation is 
very obvious from the surface, which indicates that 
crack formation is very close to surface. In addition to 
high surface hardness of the coating, oxidative wear is 
thought to occur with the presence of oxide layers on 

FiguRe 5. Heat treated and WC-Co coated GGG60 specimen surface a) SEM image and b) Elemental mapping image and c) 
optical image of  microstructure just below the surface of  GGG60 after heat treatment.

FiguRe 6. Worn surface of  non heat treated and WC-Co coated GGG60 specimen.
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the heat-treated coated sample surface, generating the 
lowest wear rate. As seen in elemental mapping image 
in Fig. 6 that oxygen is mostly located around the de-
fects where there could be high amount of heat is gen-
erated during the course of friction and oxidation reac-
tions would take place as soon as fresh metal surface 
emerges. As in Fig. 6 and Fig. 7, graphite nodules are 
remarkably bare and there are no elemental readings on 
such locations as it is not wetted by the molten metal 
and reaction product is not present as it may have been 
swept away by the action of rotation of GGG60 roller 
and/or coating electrode during ESD coating process.

Similar observations are made with heat treated and 
coated GGG60 specimens as given in Fig. 7. There is 
remarkable difference in pattern of defects such that 
defects are larger and there is more oxidative wear on 
the surface and the sizes of the graphite nodules appear 
to be less than those of non-heat treated surface given 
in Fig. 6. There are regions where fatigue loading and 
eventual delamination are very evident, especially in 
the middle of the image where W elements are not ob-
served. As W is mostly present in the coating, the hard 
coating layer is presumably delaminate due to fretting 
wear which is followed by the oxidative wear as seen 
in O element imaging in Fig. 7. Co elemental distribu-
tion is also interesting to note that Co is present in most 
of the matrix as opposed to W, as the solubility of Co 
in Fe is relatively high compared to W in Fe (Zhu et 
al., 2001; Chang and Chen, 2014); which in excess of 
C (graphite) produces WC+C or W2C(α)+WC phases. 
In the absence of excessive C, the formation of W2C 

is encouraged and the formation of W is also possible 
following the ESD coating (Whang et al., 2009; Kork-
maz, 2015). Similar to this observation with C, there is 
also matching zones between W and Si in both elemen-
tal mapping images in Figs. 6 and 7. In Figs. 6 and 7, 
Si locations are intensely bright as with W locations in 
same position where W possibly reacts with Si to form 
WSi2 or W5Si3 compound during the coating (Guo et 
al., 2009). However, in Fig. 6, the intensity of Si and W 
points are less compared to Fig. 6, which indicate that 
the heat treatment may have removed some amount of 
Si during decarburization in heat treatment.

3.2. Hardness test

WC in the coatings increases microhardness of the 
matrix. The presence of W2C phases and W elements 
in the coatings significantly improves the hardness and 
wear resistance of the coatings. When WC ceramic ma-
terial is used together with elements such as Ni and Co, 
it can be easier to adhere to the substrate sample. Here, 
Ni and Co elements are used as binding materials. The 
use of bonding elements makes it difficult for cracks to 
form and spread within the coating and increases the 
hardness values of the coatings (Burkov and Pyachin, 
2014; Ebrahimnia et al., 2014; Rukanskis, 2019; Kay-
alı and Talas, 2021). 

The average of the data read from at least five 
places during the test was taken. In the first case, the 
average surface hardness value of the GGG 60 sam-
ple was calculated as 270 ± 5.6 HV0.2. As a result of 

FiguRe 7. Worn surface of  heat treated and WC-Co coated GGG60 specimen.
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heat treatment, the average surface hardness value was 
measured as 540 ± 9 HV0.2. In the ongoing study, un-
heat-treated and treated samples were coated with WC 
/ 12% Co electrode material. As a result of coating, the 
average surface hardness value was measured as 1107 
± 8 HV0.2 in the coated sample without heat treatment 
and 1330 ± 12.5 HV0.2 in the coated sample with heat 
treatment. This value overlaps with other studies in the 

table 3. Surface Hardness Test Results

Materials
Hardness 
Value HV0.2

No Heat Treatment + No Coating 270 ± 5.6
Heat Treated + No Coating 540 ± 9
No Heat Treatment + Coated with WC/Co 1107 ± 8
Heat Treated + Coated with WC/Co 1330 ± 12.5

FiguRe 8. Images of  roller surfaces after rolling with a) St 37 and b) Al 6035.

FiguRe 9. Surface images after rolling from WC-Co coated surface a) SEM b) EDS.

literature. Table 3 gives the surface hardness values of 
the samples. According to Table 3, while heat treatment 
increased the surface hardness value of the samples by 
2 times, WC-Co coating applied with ESD increased 
the surface hardness value of the samples by 5 times.

3.3. Rolling process

St 37 and Al 6035 series strips were rolled under a 
rolling force of 20 kN and 5 kN, respectively. It was 
observed that fracture occurred along the keyway after 
100 m of rolling of the St 37 strips. The designed roll 
showed poor performance under high rolling forces. It 
is considered possible to optimize such errors with bet-
ter designs. However, the rolling process of Al 6035 
series bar was successfully carried out and following 
the rolling process, the presence of Al base metal was 
detected in the middle part of the roller. In Fig. 8, imag-
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es of the roller after the rolling process with St 37 (Fig. 
7a) and Al 6035 plates (Fig. 7b) are given.

After the rolling process of Al alloy plates, SEM/
EDS images were obtained from WC-Co coated and 
uncoated parts of the roller surfaces. The presence of 
coating elements were determined using EDX analysis, 
although, the aluminum layer hindered the coating el-
ements (W, C, Co) from being detected in the sections 
where aluminum is rolled. Aluminum, being a softer 
material than the coating, did not cause any wear on 
the roller surface, in fact, produced an extra coating on 
the surface of the roller and WC/Co layer. The transfer 
of Al onto the surface of GGG60 substrate is expected 
due to the application of high rolling forces. The SEM/
EDX images given in Fig. 9 and Fig. 10 supports this 
conclusion. After rolling of aluminum strips, the sur-
face roughness decreased from 1.094 µm to 0.557 µm. 
It is thought that the aluminum layer formed on the 
surface fills the void structures between the coating as-
perities and therefore the final surface roughness value 
is consequently lower following the rolling operation 
with Al6035 alloy. As it can be seen in Fig. 9 and Fig. 
10 EDX mapping images that Aluminum presence with 
Oxygen is more obvious.  

4. CONCLUSIONS

In this study, the effect of heat treatment and WC+Co 
coating by ESD process on wear behaviour of GGG60 
was investigated. ESD coated GGG60 roller was then 
experimentally tested using Al6035 Al alloy. After the 
rolling process, various changes on the surface were ob-
served. Major outcomes of this study are given below.
− Wear resistance of GGG 60 ductile cast iron is in-

creased with WC/Co coating. The lowest wear rate 

FiguRe 10. Surface images after rolling from uncoated surface a) SEM b) EDS.

was obtained in the heat-treated coated sample 
(33.85 × 10–6 mm3/Nm), and the highest wear rate 
was obtained in the substrate sample (169.56 × 10–6 

mm3/Nm). With WC/Co coating, the wear resistance 
of cast iron has been increased by nearly 5 times.

− The roller used in the experimental study was 
coated with a WC/Co electrode, which showed a 
strong metallurgical attachment to the surface when 
GGG60 heat treated due to decarburisation. 

− Following the rolling with an Al 6035 bar, the pres-
ence of an Al layer on the surface of the roller was 
detected but there was no detection of Aluminium 
on the worn surfaces. 

− The presence of W, Co and C elements was detect-
ed on the surface as a result of SEM/EDS analysis 
which can be considered as proof that rolling does 
not damage the coatings. 

− Al layer filled the gaps between the coating ele-
ments (W, Co, C), causing the surface roughness 
value to decrease. As a result, the surface roughness 
value decreased from 1.094 µm to 0.557 µm.
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