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Abstract: Due to its desirable mechanical properties, compacted graphite iron (CGI) has been used to
replace conventional gray cast iron (CI) in various applications, such as automotive engine blocks
and cylinder heads. However, the poor machinability of CGI can lead to excessive tool wear and
consequently high manufacturing costs. Various strategies have been developed to improve the
machinability of CGI, including optimizing machining parameters and the development of novel
metalworking fluids. In this study, machining of CGI was conducted using cubic boron nitride (cBN)
tools under different cutting speeds, with both soluble and full-synthetic water-based metalworking
fluids at different levels of sulfur addition and water dilution. The effects of the metalworking fluids
on the tool wear behavior were examined. Results showed that at 200 m/min cutting speed, the
soluble metalworking fluid at 4% dilution and 0.3% sulfur compound exhibited the best performance,
with a cutting distance reaching 23.8 km. In contrast, the least effective soluble metalworking fluid at
9% dilution and 0.3% sulfur compound resulted in a 28.6% decrease in the cutting distance (17.0 km)
compared to the best one. At a higher speed (300 m/min), the cutting distance for all metalworking
fluids dropped to less than 6.0 km, with the full-synthetic metalworking fluid showing the shortest
cutting distance of 4.8 km.

Keywords: compacted graphite iron (CGI); cubic boron nitride (cBN); machining; metalworking
fluid; wear

1. Introduction

Compacted graphite iron (CGI) has attracted much attention in the past decades to
replace conventional cast irons in many industrial applications. For example, automotive
engine blocks are usually made from gray cast iron (CI). In comparison to CI, CGI exhibits
at least 35% higher elastic modulus, 70% higher tensile strength, and 80% higher fatigue
limits [1]. Therefore, CGI engines are expected to achieve higher power output and better
fuel economy [2]. The different mechanical properties between CGI and CI are related to
their microstructural and compositional differences. The graphite flakes in CI result in a
high level of discontinuities and facilitate crack initiation and propagation, leading to weak
and brittle mechanical properties. On the other hand, the entangled coral-like graphite
structures in CGI can reduce the level of discontinuity and stress concentration, and thus
eliminate natural cleavage path, contributing to high strength and toughness [3,4].

It is commonly observed that CI possesses better machinability. One of the factors
involved is the formation of a protective MnS layer. This pliable and soft MnS layer has
been found to provide a lubrication effect and act as a barrier on tools against oxidation
and diffusion during machining of CI [3,5]. However, since compacted graphite particles
are only stable at low sulfur and oxygen contents, CGI is produced with sulfur that is about
10% of that in CI. In addition to the low sulfur content, Mg was added to further scavenge
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any excess oxygen and sulfur during the production of CGI. Since Mg has a high affinity
with sulfur, MgS was formed preferentially to MnS [3].

Cubic boron nitride (cBN) is known to be the second hardest material next to diamond,
and the good thermal and chemical stability of cBN renders it as a substitute for diamond-
based cutting tools [6]. When cBN was used in high speed (>400 m/min) continuous
cutting operations of CGI, such as turning, the tool life was 10–20 times shorter than that
obtained with CI [7]. Tasdelen et al. [8] found that cBN tools had shorter tool life for turning
CGI in comparison to CI, which was attributed to the higher temperature and more severe
degradation of the insert from longer chips and chip-insert contact time [8].

Sulfur-based additives in metalworking fluids showed good potential of protecting
cutting tools by forming a protective layer, reducing the friction and tool wear. Alves
et al. [9] investigated the CGI drilling process with cemented carbide twist drills with
different cutting fluids with and without sulfur extreme pressure (EP) additives. The
results showed that the tool life was increased by 67% with the sulfur EP additive in the
cutting fluid, comparing to no EP addition. The friction and wear were reduced because
of the formed protective layer that contained S, Ti, and Al. Furthermore, when reacted
with the metal surface, the sulfur-based additives could also reduce the adhesion at the
tool-metal interface, preventing the generation of an adhesion bridge [9]. Evans et al. [4]
used sulfur-based additives to compensate for the low level of sulfur in CGI to improve
the machining of CGI. The results showed that sulfur-based additives could promote the
formation of a protective layer [4].

Therefore, developing high-performance metalworking fluids to extend tool life is
of great interest in the machining of CGI. In this study, machining of CGI was conducted
using cBN tools under different cutting speeds, with four water-based metalworking fluids
(three soluble fluids and one full-synthetic fluid) at different levels of sulfur addition and
water dilution. Various characterization techniques were utilized to study the wear of
cBN tools. The morphology of the cutting tool was examined using scanning electron
microscopy (SEM) and 3D laser scanning confocal microscopy, while the chemistry was
studied through energy dispersive X-ray spectroscopy (EDX) and transmission electron
microscopy (TEM).

2. Experimental Sections
2.1. Materials

The CGI workpieces (grade: CGI-450) used in this study were obtained from SinterCast.
The detailed composition information is shown in Table 1, and the microstructural and
mechanical data provided by the supplier are shown in Table 2. The ceramic-coated cBN
cutting tools (grade: BNC500) were purchased from Sumitomo Electric Carbide, Inc. The
thickness of the coating is about 4.5 µm, as determined by SEM measurement. The cutting
tool has a thickness of 4.76 mm and a nose radius of 0.8 mm. Each tool piece has four
12 mm-long cutting edges.

Table 1. Elemental composition of the CGI workpiece.

Element C Si Mn S Cr Cu Mg Sn Ti Fe

Percentage
(%) 3.53 2.19 0.39 0.007 0.029 0.93 0.011 0.079 0.007 92.827

Table 2. Microstructural and mechanical data of the CGI workpiece.

Nodularity CGI Pearlite BHN (750/5) Yield 0.2% UTS Elongation

10% 90% >95% 274 MPa 410 MPa 546 MPa 1.6%
Note: The percentage nodularity is calculated according to the SinterCast CGI Microstructure Rating Chart. The
Brinell hardness and the tensile data are obtained from a standard test bar (DIN 1693/SS-112,127).
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Three soluble metalworking fluids (based on MWF-A) and one full-synthetic metal-
working fluid (based on MWF-B) were prepared with additional sulfur compound and
different levels of water dilution (Quaker Houghton, Conshohocken, PA, USA). Tap water
was used for the dilution, with a water hardness of 200 ppm. The composition of the metal
working fluids is shown in Table 3.

Table 3. Information on the metalworking fluids used in this study.

Fluid Composition Use Concentration (%) Total Sulfur Compound in
Fluid (wt.%)

1 MWF-A 9 0.27
2 MWF-B 9 0
3 MWF-A 9 0.81
4 MWF-A 4 0.3

2.2. Turning Experiments

Longitudinal turning operations of CGI cylinders were conducted with a feed rate of
0.3 mm/revolution and depth of cut of 0.2 mm at two different cutting speeds: 200 m/min,
300 m/min. The flank wear was measured by using an optical microscope with maximum
flank wear reaching 0.25 mm as a failure. The inserts were retrieved at certain stages of the
cutting process for flank wear measurement.

2.3. Characterization

The morphology of the flank face of the inserts was examined through scanning
electron microscopy (SEM, Quanta450 FEG SEM, FEI Inc., Hillsboro, OR, USA). The ele-
mental composition and distribution were investigated through energy dispersive X-ray
spectroscopy (EDX). Electron diffraction using a transmission electron microscope (TEM,
JEM-1400, JEOL, Tokyo, Japan) was further utilized to characterize the chemistry of the
worn flank surface. For TEM investigation, the deposition on the worn flank surface was
scraped using sharp tweezers. The collected powder was sonicated and dispersed in iso-
propanol. The dispersion was then pipetted onto a copper grid and examined through
TEM. The roughness in the cBN grain region of the flank face of the tool was measured by a
3D laser scanning confocal microscope (Keyence VK-X1000, Keyence Corp., Osaka, Japan)
with a scan size of 20 × 20 µm2.

3. Results and Discussions

The progressive flank wear on cutting inserts was measured by an optical microscope
at different speeds (200 m/min and 300 m/min) with four metalworking fluids. The results
are presented in Figure 1. At 200 m/min cutting speed, as shown in Figure 1a, fluid
#4 (containing the most water; Table 2) exhibited the best performance, with the cutting
distance reaching 23.8 km before failure. Fluid #1 showed the least effective performance,
with the cutting distance decreased by 28.6% (17.0 km) compared with fluid #4. Given the
fact that the performance discrepancy of fluid #4 and fluid #1 is prompted by the different
water dilutions, it is possible that adding more water to improve cooling properties is an
effective way to extend tool life at 200 m/min speed. Fluids #2 and #3 showed similar
performance, with the cutting distance decreased by ~16% (20.0 km) compared with fluid #4.
The difference between fluid #1 and fluid #3 is the level of the sulfur compound. Therefore,
as an extreme pressure (EP) lubricity additive, ~0.3% sulfur content provided good cutting
performance (fluid #1), and the increase to 0.8% (fluid #3) of its content resulted in a 14%
improvement in cutting distance.
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Figure 1. Flank wear vs. cutting distance during turning of CGI with four metalworking fluids at
different cutting speeds: (a) 200 m/min; (b) 300 m/min.

When the cutting speed was increased to 300 m/min, the cutting distance for all
the metalworking fluids dropped to less than 6.0 km (Figure 1b). The sharp decrease of
the cutting distance at 300 m/min compared with that at 200 m/min was likely due to
the dominating factor of higher temperature. As demonstrated by da Silva et al. [10], a
higher cutting speed resulted in higher cutting temperature due to increased interaction
between the workpiece and the tool. The soluble fluid #4 exhibited the best performance
(5.7 km). The full-synthetic fluid #2 showed the least effective performance among all four
metalworking fluids, with the cutting distance reaching 4.8 km; nonetheless, it was a 17%
increase over the dry condition (4.1 km). Fluids #1 and #3 behaved similarly, with the
cutting distances reaching 5.4 km and 5.5 km, respectively. Moreover, there was some delay
in the wear of fluid #3 compared to other fluids.

In order to examine the progressive wear on the flank face of the cBN cutting tools,
SEM examination was conducted on inserts retrieved at different stages of the cutting
process, which was performed at 300 m/min with fluid #4 (Figure 2). An adhered iron-rich
region was observed on the cutting edge of the tool (Figure 2d). As the cutting proceeded,
the shape of the flank wear scar changed from a long and thin shape (Figure 2a) to a
semicircular shape (Figure 2f) with large notch wear at the corners.
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Figure 2. SEM images of the flank face of the inserts at different cutting distances (0.31 km (a), 0.66 km
(b), 1.31 km (c), 1.94 km (d), 3.8 km (e), and 5.65 km (f)). Cutting was conducted at 300 m/min with
fluid #4.

Figure 3 shows the surface roughness at different locations between the cutting edge
(left side) and the inner region of the flank surface (right side). The averaged roughness
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close to the cutting edge is 213 nm, which gradually reduced to 120 nm at a location close to
the coating. This decreasing trend from the cutting edges towards the inner region on the
flank surface could be explained by the higher temperature on the cutting edge that may
exacerbate the adhesive wear [11–13], resulting in pull-out of the cBN grain and binder,
which resulted in higher roughness. On the other hand, in the inner region away from the
cutting edge, more abrasive wear was observed, which led to surface flattening. The SEM
images of these two different locations are shown in the bottom portion of Figure 3.
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Energy dispersive X-ray spectroscopy (EDX) mappings of O, Fe, and Mg on the worn
flank face (Figure 4a) of a failed insert are shown in Figure 4b–d. A higher concentration
of Mg and O were observed near the notch wear regions (as illustrated by the white
rectangular boxes in Figure 4b,d). This phenomenon was found in all samples tested using
all metalworking fluids at 200 m/min cutting speed. Several factors might promote the
formation of the notch wear, such as the following: (i) oxidation of the flank surface when
it was in contact with air [14,15], (ii) high mechanical stress and thermal gradient in the
contact area between the workpiece and the tool [16–18]. These mechanisms may also be
associated with the formation and occurrence of MgO in the notch wear region.
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Figure 4. Low-magnification SEM image of the worn flank face of the failed insert (a). EDX mapping
of O, Fe, and Mg, showing uneven elemental distribution on cBN grain regions cut with fluid
#3 at 200 m/min (b–d). Panels b–d share the same scale bar length. (e) TEM image and (f) the
corresponding selected area electron diffraction (SAED) pattern of scraped deposition on the worn
flank face of the insert.

The deposited material on the flank face was collected and examined using TEM
(Figure 4e) and selected area electron diffraction (SAED) (Figure 4f). The SAED pattern
showed that some collected powder was crystalline, and the diffraction rings were assigned
to the (200), (220), (222), (400), and (422) planes of MgO [19]. Both the EDX mapping and
TEM/SAED results confirmed our previous hypothesis that Mg reacted to form an oxide.
Though with evidence, it is not yet conclusively understood how the MgO phase was
formed and its effect on the tool performance, which requires detailed studies in the future.

4. Conclusions

The effects of metalworking fluids on the wear behavior of ceramic coated cBN cutting
tools on CGI workpieces were studied in turning operations. Three soluble metalworking
fluids and one full-synthetic metalworking fluid were prepared with an additional sulfur
compound and different levels of water dilution. Results showed that at 200 m/min cutting
speed, the soluble metalworking fluid at 4% dilution and 0.3% sulfur compound exhibited
the best performance, with a cutting distance reaching 23.8 km. In contrast, the least
effective soluble metalworking fluid at 9% dilution and 0.3% sulfur compound resulted in
a 28.6% decrease in the cutting distance (17.0 km) compared to the best one. Increasing the
sulfur concentration does not necessarily improve the performance. At a higher cutting
speed of 300 m/min, the cutting distance for all four metalworking fluids dropped to
shorter than 6.0 km, with the full-synthetic metalworking fluid showing the shortest cutting
distance of 4.8 km.

During the turning operation, the ceramic coating on the tool was gradually abraded,
and the cBN grains underneath were exposed. Surface roughness on the flank surface
decreased from the cutting edges towards the inner region; this could be explained by
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the higher temperature on the cutting edge, which may exacerbate the adhesive wear.
Meanwhile, in the inner region away from the cutting edge, more abrasive wear occurred,
leading to flattening. Chemical analysis showed that abundant MgO formed on the worn
flank face, especially in the regions near the notch wear. Future studies are highly de-
sired to understand the formation mechanism of the MgO phase and its effect on tool
life and performance.
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