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Abstract. Compacted graphite iron (CGI) is a structural material that has excellent mechanical properties
based on the bonding of graphite and iron particles. Inthe machine-building industry, interest in this material has been
growing in recent years. It has attracted particular attention from the automotive industry and has been used as a
substitute for grey cast iron due to its improved mechanical properties, such as increased strength and heat resistance.
However, due to its high hardness and strength, as well as its complex microstructure, it is difficult to machine. The high
pearlite content and the presence of vermicular graphite make it difficult to cut, which can lead to faster tool wear and
poorer surface quality. Cast iron surfaces with vermicular graphite often require high quality machining, but due to the
brittleness of the material, there is a risk of microcracks and chips forming on the surface, which can negatively affect
the quality of the finish. In this study, we obtained the dependences of roughness on cutting parameters and conditions
during the finishing face milling of CGI parts surfaces with PVD and CVD coated carbide tools under dry machining
conditions and with the addition of coolants using. Based on experimental data, mathematical models of the roughness
dependence on cutting parameters and conditions were built. It has been established that PVD-coated tools for face
milling of CGI surfaces at high cutting speeds with the addition of cooling provide better surface roughness compared
to CVD-coated tools. The best result of surface roughness Ra 0.25 um was achieved at a cutting speed of 800 m/min, a
depth of cut of 0.08 mm and a feed per tooth of 0.1 mm/tooth, using a cooled PVD-coated carbide tool.

Key words: Machinability, Compacted graphite iron, Surface roughness, Finishing face milling, Tool
material for machining cast iron, Cutting parameters.
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1. INTRODUCTION

A review of research shows that there is a complex relationship between parameters and
cutting conditions. Their impact on surface roughness can be very different due to the tool
material, type of coating, cooling conditions and many other factors.

There are many works by foreign scientists who have investigated how cutting conditions
and modes affect the surface quality of CGI after face milling. Most of the existing studies focus on
roughing and pre-finishing [3-5]. However, finishing face machining is poorly understood, and
focuses on the machinability of CGI under dry machining conditions. A small number of works
have been devoted to the machining of CGI using coolant. They mainly focused on the impact of
cutting parameters (cutting speed, feed rate and depth of cut) and material microstructure, in
particular, pearlite content, graphite vermicularity, and non-metallic inclusions, on the surface
quality. These factors have a significant impact on the mechanical properties of the material and, as
a result, on the machining performance, especially the surface roughness. The most common tool
materials for machining the surfaces of CGI parts are coated carbide materials and nitride
ceramics [5]. Several researchers have compared the performance of these two types of tool
materials for CGI machining in regard to cutting forces, tool wear, and surface quality. Gabaldo et
al. [6] analysed the performance of two tool materials (carbide and nitride ceramics) in CGI
finishing milling, as well as the wear mechanisms of the cutting tool and its stability at different
cutting speeds, and their relationship with surface roughness. It was found that carbide is superior
to ceramic in terms of tool life and surface quality in CGI milling. At the same time, these studies
are contrary to the research of Niu J., Huang C., Su R. [7], who compared the cutting forces and
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tool wear of uncoated/coated carbide and cermet tools in CGI milling and found that the best surface
quality and wear resistance was with coated cermet tools compared to machining with coated
carbide tools for CGI machining. There are a number of studies that have compared the
machinability of CGI using carbide tools with different thicknesses of protective CVD and PVD
coatings, and found the advantages of CVD coating for roughing and PVD for finishing. However,
all of these studies are cross-sectional in nature and do not take into account all the factors involved.
The lack of clear recommendations on the optimal cutting parameters to achieve minimum surface
roughness in specific conditions can lead to higher production costs, lower product quality, and
excessive tool wear. Therefore, the question of specifying and expanding these recommendations
Is relevant and needs to be addressed.

The purpose of this study is to establish the correlation between the CGlI parts surface
roughness during finishing face milling and cutting parameters (speed, depth, feed) and cutting
conditions (cooling, different tool materials). This will allow us to develop recommendations
for choosing the optimal machining modes to ensure minimum surface roughness of CGlI parts.

Summary of the main material. In modern machine building and metalworking, the
requirements for surface quality of machined parts are constantly increasing. Finishing face milling
is one of the ways to ensure high quality machining, in particular, minimum surface roughness (Ra).
It ensures high performance, improves mechanical properties and increases the quality of the
finished product. This is especially important for parts that operate in challenging environments or
require high precision and reliability. CGI has high strength and stiffness, which can make it
difficult to achieve a high quality surface [2]. Finishing milling can achieve low roughness, which
is essential to ensure high quality parts. In addition, CGI has an increased tendency to develop
residual stresses due to its complex microstructure [3]. Finishing milling helps to reduce these
stresses, which increases the durability and reliability of the parts. However, milling vermicular
graphite cast iron is challenging due to its mechanical properties, such as high strength and
abrasiveness, which have a negative impact on tools during machining. The difficulty of machining
them also lies in the significant heat generation in the cutting zone and rapid wear of the cutting
tool. When machining cast irons, cutting tools experience high force and temperature loads, which
are constantly changing during machining, leading to adhesive, abrasive, diffusion wear, structural
changes and other wear mechanisms and deterioration of the machined surface quality.

Manufacturers of tool materials for milling cast iron CGI suggest using carbide
materials with PVD and CVD wear-resistant coatings They suggest machining at low cutting
speeds, up to 250 m/min. Sandvik Coromant's recommended cutting conditions for milling
K-group cast irons, which include CGl, are shown in Table 1.

Table 1

Cutting parameters recommended by Sandvik Coromant for milling cast iron of group K [8].

W(C carbide with PVD coating WC carbide with CVD coating
fz: 0.1-0.42 mm/tooth fz: 0.1-0.42 mm/tooth
Vc: 120-190 m/min Vc: 155-240 m/min

However, CGI processing under such conditions does not allow obtaining a surface
roughness like after finishing. Therefore, there is a need to search for cutting parameters that
would provide CGI surface roughness like after finishing. To improve the quality of the
machined surface, tool material manufacturers suggest machining cast iron with coolant. This
is primarily due to the fact that during dry machining, the temperature in the cutting zone is
much higher, especially during high-speed machining, which causes greater tool wear. Coolants
help cool the tool and workpiece, reducing the risk of machined surface defects and tool
failure [9]. In addition, coolant machining typically results in better surface quality due to
reduced thermal deformation and better lubrication during milling. However, the use of cutting
fluids (coolants) increases production costs and has a negative impact on the environment,
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which is encouraging scientists and researchers to look for alternative methods. One of these
approaches is dry machining and machining with minimal quantities of lubricant (MQL) [10].
These methods minimise or completely cancel the use of coolants, reducing environmental
pollution, increasing maintenance costs, and improving safety for operators. Much research has
been devoted to the machinability of CGI in dry machining [3—7]. They have mostly focused
on the effect of cutting parameters (cutting speed, feed rate, and depth of cut) and microstructure
(pearlite content, vermicularity, non-metallic inclusions) on cutting force, temperature, and tool
life in dry machining of CGI. Sadik [11] studied the machinability of CGI during dry milling
using CVD-coated carbide tools of different thicknesses (4, 6, and 9 um) and uncoated ceramic
tools at cutting speeds (150 and 300 m/min) and feed rates (0.1 and 0.3 mm/tooth). The author
found that the ceramic tools had better performance only at cutting speeds above 300 m/min in
combination with low feed rates and depth of cut. Gabaldo et al. [6] analysed the performance
of two tool materials (carbide and PVD coated nitride ceramics) in high-speed CGI
milling (850 m/min) and found that the coated carbide was superior to the coated ceramic in
terms of tool life and surface finish in CGI milling. In recent years, the minimum quantity of
lubricant (MQL) technique has been introduced for machining hard-to-machine materials, but
mainly for such materials as Ti-6Al-4V titanium, 316L stainless steel, and AlSI 4140 steel [10].
MQL can significantly minimise the friction between cutting tools and workpieces, which helps
to reduce tool wear and improve machining quality. However, the use of MQL in the process
of machining compact graphite iron (CGI) is still an incompletely researched area. There are
only a few works, including the study by Da Silva et al. [12], which evaluated the machinability
of vermicular graphite cast iron by face milling under dry machining conditions and with the
addition of a minimum amount of coolant, investigating the dependence of Ra from cutting
parameters, coating type, and cutting conditions. As can be seen in Fig. 1, the geometry of the
cutting tool has the greatest influence on the machined surface roughness Ra, which indicates
the importance of rational selection of tool parameters. The next most influential factors are
cutting speed (\V¢) and tool material. Tool coating and machining conditions (dry or lubricated)
also have a significant, but somewhat lesser, impact. The tooth feed (f) has the least influence.
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Figure 1. Influence of the input parameters on the roughness of the first machined tool path in the tests. (a)
Pareto diagram; (b) influence of the cutting speed; (c) Influence of feed rate; (d) Influence of machined material,
(e) Influence of the lubricant condition; (f) influence of the coating; (g) Influence of tool geometry [12]
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Similar studies conducted by Tu et al. [13], demonstrate a significant effect of using
supercritical CO, MQL (ScCO,-MQL) in improving surface quality and reducing cutting forces
during CGI machining. The effect of different cutting conditions on the surface roughness Ra during
face milling of different CGI was investigated. Three variables were considered: cutting speed, feed
per tooth, depth of cut, and different machining conditions: dry machining, use of CO, (ScCO,)
and its combination with MQL (minimum amount of lubricant). It was found that with an increase
in cutting speed, a decrease in Ra surface roughness was observed for all materials (FGI, CGI, NGI).
The use of ScCO, and especially ScCO,+MQL provided significantly better results than dry
machining. Fig. 2 shows that the lowest Ra values were achieved using ScCO,+MQL at the highest
cutting speed (300 m/min). With increasing feed rate, Ra increases for all three materials. Increasing
the depth of cut leads to a little increase in Ra, but this effect is smaller compared to the feed per
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Figure 2. Evolution of machined surface roughness Ra of FGI, CGI, and NGI depend on the (a) cutting speed
vc, (b) feed rate fz, and (c) depth of cut ap under dry, ScCO2, and ScCO2-MQL condition [13]
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Figure 3. Effect of cutting speed and feedspeed on Ra

Lu, Zhang, Yuan and the
others studied the relationship
between machining parameters and
surface roughness Ra of CGI parts
during milling [14]. Fig. 3 shows 3D
graphs based on their prediction
model built using experimental data,
which  shows the relationship
between machining parameters and
Ra. According to them, the depth of
cut does not have a significant
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impact on the Ra roughness value. Meanwhile, feed rate and depth of cut do, and the roughness
decreases with increasing cutting speed and decreasing feed rate.

Rui Su, Chuanzhen Huang [15] and other studied changes of cutting performance under
different workpiece removal volume during normal speed and high speed milling of compacted
graphite iron. They found that at higher cutting speeds, the amount of material removed has
less influence on the roughness than at lower

L) s cutting speeds. Figure 4 illustrates the surface

3.0 roughness measurements (Ra) during the milling

2.54 J of CGI using carbide tools with CVD coatings. It

E 20/ I e | compares the surface quality at different material

= — removal volumes (Q) and cutting speeds (V). The

& i) = TR T G results show that the lower cutting speed of

el 134 m/min leads to higher surface roughness after

‘ removing a larger material volume. In contrast,

O e T 00 300 400 seo the higher cutting speed of 800 m/min produces

O (cm?) lower roughness values, indicating a better

surface finish. The surface roughness is less

Figure 4. Dependence of roughness and influenced by material removal when milling CGlI
removed material at higher speeds.

Therefore, higher cutting speeds are more favorable for achieving a finer surface finish
when using CVD-coated carbide tools in the milling of CGI.

Their next research was focused on the surface integrity of compacted graphitized cast iron
milled with cemented carbide coated PVD and ceramic tools. In this study, they investigated the
effect on roughness of different cutting parameters (speeds varying from 200 m/min to 1000 m/min
and feeds varying from 0.05 mm to 0.2 mm). The surfaces of cast iron with vermicular graphite
(CGI) after face milling at the lowest and highest cutting speeds and feeds per tooth are shown in
Fig. 5. At a cutting speed of 200 m/min and a feed rate of 0.05 mm/tooth, a significant surface
roughness with deep scratches and irregularities is observed, indicating a poor machining quality at
these parameters. At a cutting speed of 200 m/min and a feed rate of 0.2 mm/tooth, the surface
appears slightly smoother, but still with noticeable defects. The high cutting speed of 1000 m/min
significantly improves the surface quality. The best result was achieved in combination with a feed
rate of 0.2 mm. Visually, the surface has a smoother appearance with fewer defects, indicating that
increasing the cutting speed has a positive effect on the quality of the finish. However, the result
was worse with a lower feed rate.
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Figure 5. CGI image of the surface after face milling at low 200 m/min and high 1000 m/min cutting speeds [16]
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They also showed the relationship between surface roughness and milling speed when
machining CGI, with different feeds per tooth. The figure 6 shows their result. There says, that
as the milling speed increases from 200 to 400 m/min, the surface roughness decreases
significantly. Milling speeds between 400 and 600 m/min provide the lowest surface roughness
for all feeds, indicating the optimum operating range for achieving smoother surfaces during
CGI milling. When the speed reaches 800 m/min, the feed rate has no effect on the roughness
value for carbide tool, and becames higher for ceramic tool. Ceramic tool provides better
quality. There showed that these two kinds of tool materials could meet the quality requirements
of the machined surface of high-speed milling CGI, and ceramic tool was more suitable for the
high-speed finish milling of CGI than cemented carbide tool to obtain smaller surface roughness
and better machining quality. Face milling can achieve a better machined surface quality in the
speed range of 400~800 m/min.
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Figure 6. The machined surface roughness of CGI with carbide and ceramic tool.[16]

Thus, the combination of high cutting speeds with feed rates up to 0.2 mm/tooth and
shallow depth of cut can ensure improved surface quality and minimal surface roughness of
partially aligned graphite (CGI) after finishing end milling. In order to study these relationships
in more detail, we decided to conduct laboratory studies aimed at determining the effect of
cutting parameters on the surface roughness of CGI.

2. EXPERIMENTAL METHODS

The research was conducted using PVD and CVD coated carbide tools under two
different conditions: with and without cooling. The machining was carried out on a DMU
80 eVo CNC machine with a Sandvik Coromant R200-051Q22-12H face milling cutter with
round inserts. Roughness measurements were performed using a Keyence VR series
profilometer and a stylus profilometer. Material of the workpieces used in the experiment
GJV450. The workpieces were made with the following dimensions: 110 mm long, 45 mm
wide and 70 mm high. Only one cutting insert was mounted on the milling cutter. The
purpose of the study was to determine the dependencies between these parameters and the
roughness of the obtained surfaces to find the best tool material and cutting conditions. For
this purpose, we conducted experiments using a face milling cutter at the following
parameters:

- Cutting speed: 200 m/min, 400 m/min, 800 m/min

- Depth of cut: 0.08 mm and 0.15 mm

- Feed rate per tooth: 0.1 mm/tooth and 0.15 mm/tooth.
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3. RESULTS AND DISCUSSION

Based on the experimental data obtained, we plotted the dependence graphs and developed
regression equations that allow us to predict the surface roughness under different processing
conditions. The best was obtained in case using PVVD coated carbide tool with coolant.

The regression equation for the dependence of surface roughness of cast iron with
vermicular graphite after milling with a PVVD-coated carbide with cooling is as follows:

Ra=0.4492-0.0003-V+0.18:1+0.2276-fz

In all equations obtained by us, the cutting speed has a negative effect, which improves the
roughness as it increases. The positive effect of the depth of cut in all cases indicates that increasing
the depth of cut increases the surface roughness.The feed rate has the greatest influence on surface
roughness, especially in the case of coolant. Increasing the feed rate significantly degrades the
surface quality, especially with coolant CVD coatings. The use of cooling improves roughness for
all types of coatings, especially for PVD coatings, where its effectiveness is more noticeable.

Based on the data obtained during the experiment to determine the surface roughness of
cast iron with nodular graphite (CGI) under different cutting parameters and conditions, a graph
of the surface roughness (Ra) versus different cutting parameters was constructed. The
experiment took into account the use of different types of PVD and CVD coated tools, both
with and without cooling.
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Figure 7. Dependence of various parameters and cutting conditions on surface roughness (Ra) when using
different types of tools (PVD and CVD) with and without cooling

The following dependencies were obtained as a result of the study:

- At a speed of 200 m/min, the highest surface roughness was obtained for all
combinations of parameters and cutting conditions. In particular, a roughness of Ra = 0.68 pum
was obtained at the highest depth of cut and feed rate for the CVVD-coated carbide material without
cooling. This is due to the fact that lower cutting speeds can lead to higher levels of vibration and
increased material deformation during machining, which negatively affects the surface quality. At
400 m/min, a lower roughness value was obtained, indicating that the machining quality was
improved at medium cutting speeds. At this speed, vibrations become less intense and the material
cut becomes more stable, which reduces roughness. The lowest level of roughness Ra = 0.25 um is
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observed at a cutting speed of 800 m/min. Moreover, this value was obtained at the lowest depth of
cut and feed rate with a P\VD-coated carbide tool using coolant. This can be explained by the fact
that the high speed combined with the use of coolant results in less heat build-up and more uniform
cutting, which contributes to a smoother surface.

- In all cases, a lower depth of cut (0.08 mm) resulted in a lower surface roughness
compared to a higher depth (0.15 mm). This can be explained by the fact that a lower depth of cut
reduces the cutting force and therefore reduces the deformation of the material and tool, which
improves the quality of the machined surface. The higher depth of cut (0.15 mm) slightly increased
the roughness in all cases. This can be explained by the fact that a larger depth of cut generates more
friction and heat, which can lead to micro deformation of the material and increase roughness.

- Alower feed per tooth (0.1 mm/tooth) resulted in a better surface finish, as each tool
pass left less pronounced marks on the surface at a lower feed. Increasing the feed rate per tooth
(0.15 mm/tooth) resulted in an increase in roughness. This may be due to the fact that at higher
feeds, the tool leaves deeper marks on the machined surface, which increases the roughness.

- The PVD-coated tools generally showed better roughness results. This can be attributed
to the fact that PVD coatings have less friction and better resistance to wear, resulting in a better
finish. However, cooling further improves the results as it reduces the heating of the tool and the
workpiece, which reduces the risk of microcracks and deformation. CVD-coated tools performed
slightly worse than PVD tools. This may be due to the characteristics of the CVD coating, which is
thicker and can cause some additional tool deformation at high cutting speeds and high feeds.

- All results where cooling was used showed a lower surface roughness. Cooling helps
to reduce friction and temperature in the cutting zone, resulting in a more stable machining
process and reduced roughness. In machining without cooling, there was an increase in
roughness, which is associated with increased temperature and possible deformation of both the
tool and the material being machined.

4. CONCLUSIONS

The best result of a surface roughness of Ra 0.25 um was achieved at high cutting speeds
(800 m/min), lower depths of cut (0.08 mm) and lower feeds per tooth (0.1 mm/tooth), with the use
of cooling and PVVD-coated tools. The PVVD-coated tools generally showed better machining quality
compared to CVD-coated tools and can be recommended for achieving better surface quality.
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SAJIEXKHOCTI HTOPCTKOCTI BIA PEXKUMIB TA YMOB PI3BAHHSI
ITPU ®IHIIMHOMY TOPHEBOMY ®PE3ZEPYBAHHI JETAJIEA 3 YUBI'

CeiTiiana Paakesny; Jlapuca I'nem0oubka; Ilerpo Measunuyk; Irop Jlyuis

Jleporcasnuti ynisepcumem «Kumomupcoka nonimexuixay, Kumomup, Ykpaina

Peztome. [lpoananizosano 3anexdcHicmv wWOpCMKOCMI 6i0 pedicumie ma yMo8 pi3auHs Npu Mopyesomy
@pesepysanni noeepxoHs Oemaieil 3 Yagyny 3 6epmMuKkyisipHum epagimom (4BI), koncmpyKyiiHUM Mamepiaiom, SKull
Mae  GIOMIHHI MeXAHIUMI 61ACMUBOCMI, WO IPYHMYIOMbCA HA 36'13KYy 4acmuHOK epaghimy ma 3aniza. Y
MawuHo6y0y8aHHi NPOMA2OM OCMAHIX POKI6 noyas 3pocmamu iHmepec 00 ybo2o mamepiary. Ocodaugo 6euxy yeazy
6iH NpuBepHy8 3 OOKY a8mMoOMOOIILHOI NPOMUCIOBOCHI Ui NOYA8 BUKOPUCIOBYBAMUCS 5K 3AMIHHUK CIPO2O 4ABYHY
3a80AKU CBOIM NOMINUIEHUM MEXAHIYHUM G1ACIUBOCHIAM, MAKUM, K niosuwena miynicmo i mepmocmitikicmo. OOHax
uepes 8UCOK)Y MEepOiCmb § MIYHICHIb, A MAKOIIC CKIIAOHY MIKDOCIPYKIYDY iH 8AXHCKO NIO0AEMbCA MEXAHTUHIL 06pOOYL.
Bucoxuii emicm nepaimy ma nassuicms 8epMUKYIAPHOZO epapimy YCKIAOHIOE npoyecy Pi3aHHs, o npuzeoouns 0o
WBUOWIO20 3HOUIEHHA THCIPYMEHMY U OMPUMAHHA NOGepXHi 2ipuioi axocmi. Tlosepxui 3 4agyHy 3 8epMUKYIAPHUM
gpagimom uacmo 8uUMaz2arOmov BUCOKOAKICHOI 0OpOOKU, ane uepe3 KpUXKicmb MAamepiany iCHye pusux YmeopeHHs
MIKpompiwun ma GiOKON6 HA NOBEPXHI, W0 MOICe He2AMUBHO GNIUNHYNU HA AKICMb QiHiwHoi 00podku. Ompumano
3ANEAHCHOCME WOPCMKOCI 810 NApamempie ma yMos pizanHs npu QiHiHOMY Mopyesomy (pesepysanti nogepxons
oemaneu 3 YBI' meepoocnaasnumu incmpymenmamu 3 noxpummsam PVD i CVD 6 ymosax cyxoi obpobku i 3
000a8aHHAM 0X0N00HCY8AIbHUX piouH. Ha ocnosi excnepumenmanvHux Oanux noOyooeaHo MamemMamuyHi Mooeui
3aedcHoCmell WopCmKocmi 6i0 napamempie ma ymog pizanus. Bemanoeneno, wo incmpymenmu 3 PVD noxpummsm
npu @iniunomy mopyesomy Qpesepysanni nogepxorwv YBI Ha GuUCOKUX WEUOKOCHAX PI3AHHA 3 000ABAHHAM
0X0N00HCeH s 3a0e3neyyioms Kpawyy WopCmKicmy No8epXHi y nopieusnti 3 incmpymenmamu 3 CVD noxpummsinm.
Hatikpawuii pezynomam wopcmrocmi nogepxui Ra 0,25 mxm docsienymo npu wieuoxocmi pisannsa 800 m/xs, enubuni
pizanns 0,08 mm i nooaui na 3y6 0,1 Mmm/3y6 npu GUKOPUCMAHHI OXONIOONCEHHS THCIPYMEHIMOM 3 MBEPOOCNIABHO20
mamepiany 3 PVD nokpummsm.

Knrouoei cnosa: obpodriosanicms, 4agym 3 6epMUKyIapHUM 2papimom, wopCcmkicms nogepxHi, Qiniune
mopyese pe3epy8aHHs, iIHCMPYMeHmanbHi mamepianu 0as 00pobKU 4a8yHie, napamempu pi3aHHs.
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