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Abstract 

Compacted graphite iron (CGI) is a new material replacing conventional gray cast iron (FGI) for diesel engine block applications due to its 

superior mechanical properties. However, widespread adoption of CGI is hindered by its poor machinability, which is reflected by the rapid 

tool wear especially at higher cutting speeds. In current industrial practice, CGI is usually machined with coated carbide tools at low to medium 

speeds (< 200 m/min). This study investigates the effect of modulation-assisted machining (MAM) on tool wear in dry turning of CGI with 

coated carbide tool. A new MAM turning setup is implemented for conducting the longitudinal turning experiments. Tool wear, cutting forces 

and tool temperature are characterized for both conventional machining (CM) turning and MAM turning at three cutting speeds: 150, 250 and 

350 m/min. The results show wear reduction by MAM is not significant at the low cutting speed (150 m/min), but it is quite significant at the 

higher cutting speeds (250 and 350 m/min). The cutting force and temperature results can be well correlated with the wear results, revealing the 

dependency of the forces and temperature on the tool wear and the severity of iron adhesion. This study demonstrates the potential of MAM in 

enhancing the productivity of machining CGI with the coated carbide tool. The results are also useful for better understanding the wear 

mechanism in cutting CGI with the coated carbide tool. 
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Peer-review under responsibility of the Scientific Committee of the NAMRI/SME. 
 Keywords: tool wear; tool temperature; difficult-to-cut material; vibration-assisted cutting; adhesion;  

 

1. Introduction 

Compact graphite iron (CGI) has emerged as a promising 

candidate material to replace gray cast iron for making diesel 

engine blocks and heads [1]. Unlike the flake-shaped graphite 

in gray cast iron (or flake graphite iron (FGI)), CGI has 

vermicular-shaped graphite which integrates better 

mechanically with the iron matrix. As a result, CGI provides 2 

to 5 times better strength-to-weight and stiffness-to-weight 

ratio compared to more common FGI [2]. Engine blocks and 

heads made of CGI can be lighter and withstand higher 

combustion pressure, leading to increased fuel economy and 

reduced emissions.  However, CGI has very poor machinability 

which is a major barrier for wider adoption [3]. For comparison, 

gray cast iron can be machined using cubic boron nitride (CBN) 

tools at high cutting speeds up to 800 m/min. However, CBN 

tooling cannot be used with CGI due to the rapid chemical wear 

[4]. Instead, CGI is often machined with coated carbide tools at 

cutting speeds typically below 200 m/min. This leads to 

significantly lower production rates and higher costs for CGI 

components compared to FGI components [5,6].  

The challenge for machining CGI is even greater in 

continuous cutting operations such as turning, boring and 

drilling [4,7]. Compared to intermittent cutting operations such 

as milling, the continuous cutting creates more intense heating 

on the tool and prevents cutting fluids from accessing the 

intimate tool-chip interface [8,9]. These conditions further 

accelerate the rapid tool wear in machining CGI. One strategy 

to address this challenge is to develop better tool materials or 

coatings which can withstand the severe mechanical and 

thermal load and resist the thermally activated reactions 

between the tool and work material during cutting. So far, no 
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commercially available cutting tool has been able to 

significantly improve the productivity of machining CGI [10–

12]. The progress in developing new tool coatings in this regard 

is also limited [13,14]. Another strategy for addressing this 

challenge is to develop better machining processes which can 

mitigate the severe tool contact condition during cutting such 

that the rapid tool wear is not activated for the commonly used 

cutting tools. Following this strategy, a novel machining 

process, i.e., modulation-assisted machining (MAM) [15] has 

shown promising prospect for addressing the difficulty of 

cutting CGI [16]. It has been demonstrated that MAM can 

greatly suppress the rapid chemical wear of CBN tools in 

cutting CGI at high speeds (> 500 m/min) [16,17]. The 

reduction in tool wear with CBN tools is so significant that it 

makes it possible to seriously consider CBN tools in machining 

CGI. The benefit of MAM for machining CGI should not be 

limited to the CBN tools. It is of great interest to also investigate 

the effect of MAM on the wear performance of coated carbide 

tools in machining CGI. 

Compared to CBN tools, coated carbide tools are more 

widely available and used in more machining applications 

owing to the significantly lower tool cost. Indeed, current 

industrial practice in machining CGI is primarily using the 

coated carbide tools. However, the applicable cutting speed is 

often limited to below 200 m/min and flood coolant must be 

applied due to the poor machinability of CGI [18]. If the cutting 

speed for the coated carbide tools can be significantly increased 

and the coolant usage can be reduced, the machining cost for 

CGI component will be greatly saved. With such motivations, 

this study will investigate MAM turning of CGI with coated 

carbide tool in dry condition. A new MAM turning device is 

developed to conduct longitudinal turning experiments. The 

progression of tool wear together with the cutting force and 

temperature is measured and characterized for a range of cutting 

speeds (150, 250 and 350 m/min) for both conventional and 

MAM turning. The results show MAM can substantially reduce 

tool wear and enable dry machining of CGI with coated carbide 

tool at much higher speeds than conventional turning. The 

correlations of tool wear with cutting force and tool temperature 

are also discussed. The potential of MAM in improving the 

machinability of other difficult-to-cut materials can be also 

inferred from this study. 

  

2. Modulation-Assisted Turning 

Modulation-assisted machining is a novel machining 

process in which a controlled low-frequency (< 500 Hz) tool 

vibration is superimposed onto the tool feed motion during 

cutting, such that a continuous cutting process, e.g., turning, 

boring, and drilling, can be divided into a series of discrete 

cutting events [15,19]. The benefits of MAM include better 

chip management [20], improved cutting fluid penetration [21], 

and reduced chip deformation [22]. Figure 1 illustrates the 

MAM turning process. In conventional machining (CM) 

turning (Fig. 1a), the constant feedrate generates a parallel 

helical tool path on the revolving workpiece surface. The tool 

path does not intercept between successive revolutions, so the 

tool is always engaged with the workpiece leading to 

continuous cutting. The uncut chip thickness is also a constant. 

In contrast, when a properly controlled tool vibration is applied 

in the tool feed direction (Fig. 1b), the resultant feedrate 

becomes modulated which generates a sinusoidal wave tool 

path on the revolving workpiece surface. When the wave tool 

path is out of phase between successive revolutions and the 

wave amplitude is high enough, the tool path then intercepts 

between successive revolutions. This means the tool is 

periodically disengaged from the cut leading to a discrete 

cutting process. The wave tool path shown in Fig. 1b has the 

phase of φ = π. The vibration frequency and amplitude required 

to achieve tool path interception or discrete cutting at φ = π are 

[15], 
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where fm is the vibration frequency; fw is the workpiece rotation 

frequency (=RPM/60); A is the vibration amplitude; and h0 is 

the tool feed per revolution. Equation (1) is the condition for 

generating wave tool path of phase φ = π. It states that the ratio 

of vibration frequency to rotation frequency should be equal to 

half integer values, i.e., 0.5, 1.5, 2.5, 3.5, etc. Equation (2) 

states that the amplitude threshold for discrete cutting is the half 

of the feed per revolution (or peak-to-peak amplitude (2A) 

threshold is the feed per revolution). The amplitude threshold 

corresponding to φ = π is the smallest amplitude threshold. 

Other φ values will lead to higher amplitude thresholds for 

achieving discrete cutting. At the extreme, discrete cutting is 

not possible at phase φ = 0 or 2π (in phase) because the wave 

tool path becomes always parallel between successive 

revolutions.    

3. Materials and Methods 

Figure 2 shows the MAM turning setup developed for this 

study. The setup is implemented on a Haas TL-1 toolroom 

lathe. The tool vibration device consists of a stationary frame, 

two linear guides, a moving stage, and a piezo stack actuator. 

The turning tool holder is fixed to the moving stage which is 

supported by the linear guides whose rails are fixed on the 

 

Fig. 1. Schematic of (a) CM and (b) MAM turning 
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stationary frame. The linear guides allow only linear motion 

but restrict bending and rotation of the moving stage. The 

casing of the piezo stack actuator is fixed to the stationary 

frame while its actuator head is connected to the moving stage. 

The vibration of the turning tool is driven by the piezo stack 

actuator. The piezo stack actuator used in this study has a stroke 

of 0.1 mm and can generate a maximum driving force of 4000 

N. During MAM turning, the traditional turning parameters 

including workpiece rotation speed (RPM), tool feed per 

revolution, and depth of cut are controlled by the lathe; the 

frequency and amplitude of the turning tool vibration are 

controlled by the sinusoidal driving voltage applied to the piezo 

stack actuator. The driving voltage is produced by a waveform 

generator (BK 4007B) and a power amplifier (MMech PX200).  

To enable cutting force measurement, the tool vibration 

device is mounted onto a Kistler dynamometer plate (9257B) 

which is fixed onto the carriage of the lathe. The force signal is 

recorded using a data acquisition system with a sampling rate 

of 5000/s and processed with a low-pass filter with a cutoff 

frequency at 500 Hz. Furthermore, tool temperature is 

measured using a 36 AWG K-type thermocouple secured on 

the tool rake face with a polyimide film tape (see inset of Fig. 

2). The thermocouple junction is positioned at the location that 

is 0.83 mm from the side (main) cutting edge and 2.5 mm from 

the end (minor) cutting edge. This location is chosen based on 

our trials: it is the location at which the thermocouple junction 

will not be disturbed by the chip flow but is as close to the tool-

chip interface as possible to estimate the tool temperature. The 

temperature history is recorded at a sampling rate of 1/s using 

a digital thermometer (Fluke 54-II). Note the measured 

temperature is not exactly at the tool-chip interface, but it 

should be sufficient to use as a reference of tool temperature 

for comparison among different cutting conditions. 

The CGI workpieces (from SinterCast AB) have hollow 

cylindrical shape with an outer diameter of 145 mm and an 

inner diameter of 98 mm, and a length of 204 mm. The grade 

is classified as GJV-450 by the standard ISO 16112:2017 with 

a tensile strength of 450 MPa. The microstructure contains 

graphite agglomerations of vermicular shape, and the matrix is 

fully pearlitic. The coated carbide insert used for turning is 

Sandvik Coromant SNMA 12 04 08-KR 3205, which has two-

layer TiCN and Al2O3 coating on the rake face and three-layer 

TiCN, Al2O3 and TiN coating on the flank face [23].  The used 

toolholder is DSBNR 2020K which results in -6° rake angle 

and 15° side cutting edge angle. 

Table 1 lists all the turning tests in this study. All tests are 

conducted in dry condition. The feedrate (h0 = 0.04 mm/rev) 

and the depth of cut (d = 1.5 mm) are not varied while the 

cutting speed (Vc) is varied at three levels, i.e., 150, 250 and 

350 m/min, for both CM and MAM turning. For MAM turning, 

the frequency ratio (fm/fw) is controlled to have a half integer 

value according to Eq. (1), so the phase of the wave tool path 

is always at φ = π. The frequency ratio is 9.5 for Vc = 150 and 

250 m/min and is 6.5 for Vc = 350 m/min. With the two 

different frequency ratios, the vibration frequency for Vc = 250 

and 350 m/min are roughly the same (both in the range ~90 – 

110 Hz). The frequency varies within a range in each MAM 

turning test which is to accommodate the change of fw at 

different workpiece diameter. The vibration amplitude is 

controlled by the sinusoidal driving voltage amplitude. The 

peak-to-peak amplitude of the driving voltage is set to Vpp = 

150 V for all MAM turning tests. This driving voltage is 

corresponding to a peak-to-peak tool vibration amplitude (2A) 

of about 90 µm calibrated at the no-cutting condition.   

Table 1. Turning test conditions 

Test name Cutting 

Speed 

(m/min) 

Feedrate 

(mm/rev) 

Depth 

of cut 

(mm) 

fm/fw fm 

(Hz) 

Vpp 

(V) 

CM-150 150 0.04 1.5 - - - 

CM-250 250 0.04 1.5 - - - 

CM-350 350 0.04 1.5 - - - 

MAM-150 150 0.04 1.5 9.5 54-67 150 

MAM-250 250 0.04 1.5 9.5 90-112 150 

MAM-350 350 0.04 1.5 6.5 86-108 150 

 

For each turning test, the cutting is temporarily stopped at 

every 1.2 km cutting distance for tool wear characterization. At 

the end of each interval, the tool is first cleaned with ethanol in 

an ultrasonic cleaner, and then tool wear is observed and 

measured using a Nikon Eclipse LV100ND microscope and 

Keyence VHX6000 digital microscope. After the 

measurement, the turning test is resumed with the same tool for 

the next interval. The turning test will no longer resume (fully 

stopped) if the measured flank wear reaches more than 300 µm 

or the total cutting distance reaches 7.2 km. The latter criterion 

is implemented to save the workpiece material. At the final stop 

of each turning test, the tool is further characterized using an 

Olympus FluoView 1000 confocal laser scanning microscope 

(CLSM) to obtain the 3D profile of the wear land of the tool 

[24]. The tool is also characterized using a JEOL 6610LV 

scanning electron microscope (SEM) together with energy 

dispersive spectroscopy (EDS) to identify the exposed or 

deposited materials on the wear land of the tool. These 

characterizations are performed both before and after removing 

the iron adhesion on the tool by etching with HCL (19%) for 

45 minutes.  

 

Fig. 2. Experimental setup for MAM turning 
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4. Results and Discussion 

Figure 3 shows the progression of the flank wear (VBmax) 

with the cutting distance for all the tests. To facilitate 

comparison, the solid line indicates CM turning while the 

dashed line indicates MAM turning. The line color is used to 

distinguish the cutting speed. It clearly shows that MAM 

turning results in significantly lower wear compared to CM 

turning results. At Vc = 150 m/min (blue), both CM and MAM 

turning result in the desired steady state slow wear progression 

to the cutting distance of 7.2 km. The final VBmax is 235 µm and 

178 µm for CM and MAM turning, respectively. For CM 

turning at Vc = 250 m/min (green solid line), the slow wear 

progression is transitioned to rapid wear progression roughly 

after cutting 2.4 km.  VBmax exceeds the flank wear threshold of 

300 µm after cutting 3.2 km. At Vc = 350 m/min (red solid line), 

the rapid flank wear occurs even earlier, resulting in a very 

steep wear curve. VBmax exceeds 300 µm after only cutting 

about 2 km. In contrast, the rapid flank wear progression is not 

activated in MAM turning at Vc = 250 and 350 m/min. The two 

corresponding wear curves (green and red dashed lines) show 

the steady state slow wear progression all the way to the cutting 

distance of 7.2 km. The final VBmax is 223 and 245 µm for Vc = 

250 and 350 m/min, respectively. Although the flank wear 

increases with cutting speed in both CM and MAM turning, the 

speed effect on wear is far less significant in MAM turning.  

Figure 4 shows the selected Keyence microscope images of 

the tool edge after turning at Vc = 150 m/min. The coating 

materials in the worn area can be recognized based on the color: 

TiN appears gold, Al2O3 appears brown and TiCN appears 

black, which have been confirmed by EDS analysis. In both 

CM and MAM turning after 1.2 km cutting, a uniform wear 

land is observed along the cutting edge on both the flank and 

rake faces. The worn surface on the rake face is larger in MAM 

than in CM turning. This is because the uncut chip thickness is 

up to 2 times larger in MAM (see Fig. 1b) resulting in larger 

tool chip contact on the rake face. However, the flank wear land 

is clearly smaller in MAM. As cutting distance increases to 7.2 

km, the flank wear land grows uniformly along the cutting edge 

in CM turning but nonuniformly in MAM turning. In MAM, 

the flank wear land grows mainly on the tool nose and near the 

end of the side cutting edge. From the etched tool image, it is 

found the coating has been breached on the upper portion of the 

flank wear land in these regions. The material covering the 

breached area on the unetched tool is identified as iron. In 

contrast, the breach of tool coating is not observed in CM 

turning. However, the cutting edge remains very sharp in MAM 

turning while it appears to be dull in CM turning. 

Figure 5 shows the selected Images of the tool edge after 

turning at Vc = 250 m/min. In CM turning, the wear has not 

breached tool coating at the cutting distance of 2.4 km based 

on the fact that no iron adhesion is observed on the tool. 

However, when reaching the cutting distance of 3.6 km, 

substantial iron adhesion is observed in a large area of the main 

flank wear land. The etched tool image shows the actual tool 

wear in this area is quite deep into the substrate Tungsten 

Carbide (WC). At the same cutting distance (3.6 km) with 

MAM turning, no accumulation of iron on the tool is observed, 

and tool coating has not been breached. At the cutting distance 

of 7.2 km, mild iron adhesion can be observed on the flank wear 

land. The etched tool image shows tool coating is breached on 

the flank wear land mainly on the tool nose area and near the 

end of the side cutting edge, which contrasts with the case in 

CM turning. Furthermore, the side cutting edge in MAM is still 

 

Fig. 3. Progression of flank wear (VBmax) with the cutting length for all 

turning tests 

 

 

Fig. 4. Keyence digital microscope images of tool edge after turning at Vc = 150 m/min 
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very sharp after cutting 7.2 km while it is destroyed in CM 

turning after cutting 3.6 km. 

Figure 6 shows the selected images of the tool edge after 

turning at Vc = 350 m/min. At this speed, substantial iron 

adhesion is observed after reaching the cutting distance of 2.4 

km in CM turning. The iron adhesion spreads along the whole 

cutting edge on the flank wear land. From the etched tool 

image, the actual wear beneath the iron adhesion has breached 

tool coating exposing the WC substrate. In contrast, after 

reaching the cutting distance of 2.4 km in MAM turning, 

neither significant iron adhesion nor coating breach is observed 

on the flank wear land. Significant iron adhesion is observed 

on the flank after reaching the cutting distance of 7.2 km. The 

corresponding wear land with the coating breached is more 

uniformly distributed along the cutting edge. The area of the 

coating-breached wear land is narrower in MAM turning at the 

cutting distance of 7.2 km than in CM turning at the cutting 

distance of 2.4 km. Furthermore, the cutting edge appears much 

sharper in MAM than in CM turning.   

Figure 7 shows the section profiles of the flank wear land of 

the final etched tools in Figs. 5 and 6. The profiles are measured 

by CLSM. At each section plane, three profiles are 

superimposed for comparison, including the new tool profile 

 

Fig. 5. Keyence digital microscope images of tool edge after turning at Vc = 250 m/min 

 

 

Fig. 6. Keyence digital microscope images of tool edge after turning at Vc = 350 m/min 

 

 

Fig. 7. Section profiles of the main flank wear land of the final etched 

tool in CM and MAM turning at Vc = 250 and 350 m/min. Gray profile is 

for new tool, blue for MAM, and orange for CM. The four section planes 

from left to right are located at 0.66, 0.94, 1.22 and 1.5 mm from the 

minor cutting edge. 
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(gray), MAM profile (blue) and CM profile (orange). The four 

section planes (section 1, 2, 3 and 4) are normal to the side 

cutting edge and located at 0.66, 0.94, 1.22 and 1.5 mm, 

respectively, from the minor cutting edge. It is evident that the 

flank wear land resulting from MAM turning is significantly 

smaller not only in width (vertical direction) but also in depth 

(horizontal direction). This indicates that the wear reduction by 

MAM is more significant should the wear volume be 

compared. Figure 8 shows the calculated wear volume on the 

flank wear land based on the 3D profile measurements by 

CLSM. At Vc = 150 m/min, the wear volume is generally low 

in both CM and MAM turning, despite the slightly higher value 

in MAM turning. At higher speeds, the wear volume increases 

substantially in CM turning but moderately in MAM turning. 

Therefore, the wear volume is significantly lower in MAM than 

in CM turning at the higher speeds. It should be noted that the 

tools in MAM after cutting 7.2 km are compared to the tools in 

CM turning after cutting a much short distance (3.6 or 2.4 km) 

at the higher speeds. Therefore, the wear reduction in MAM is 

quite remarkable at higher cutting speeds.   

Figure 9 shows the cutting force history for the first three 

cutting intervals of the turning tests at the higher speeds. Note 

each cutting interval has the cutting length of 1.2 km. Note also, 

the forces which appear as force bands in these plots are always 

oscillating due to the applied tool vibration in MAM turning. 

The observed force changes in these plots reflect the tool wear 

effects on cutting forces. For example, the force changes are 

observed in the initial period of the 1st cutting interval for all 

turning tests. This should be due to the initial wear 

development on a new tool while establishing the stable contact 

between tool and workpiece. In CM turning, the initial tool 

wear leads to the initial increase and the subsequent decrease 

in forces while in MAM turning the initial tool wear leads to 

the continuous increase in forces. These changes are more 

evident on the feed force (blue) than the primary cutting force 

(red). In the 3rd interval of CM turning at Vc = 250 m/min and 

the 2nd interval of CM turning at Vc = 350 m/min, the significant 

increase in forces, in particular the feed force, can be observed. 

This can be attributed to the rapid tool wear progression and 

severe tool adhesion occurring during those intervals (see Figs. 

3, 5 and 6). The other cutting intervals show approximately the 

constant or the steady state forces which correspond to the mild 

steady state wear progression in those cutting intervals.    

To further compare the cutting forces in all the tests, the 

primary cutting force and the feed force are both averaged over 

each cutting interval (i.e., over 1.2 km cutting length). Figure 

10 plots the averaged forces versus the cutting interval for all 

the tests. Note the resemblance of these force curves to the wear 

curves in Fig. 3. These force curves again reflect the influence 

of tool wear on the cutting forces. It is evident that the tool wear 

 

Fig. 8. Wear volume for the main flank wear land of the etched tool in 

Fig. 4 – 6 

 

Fig. 9. Primary cutting force (red) and feed force (blue) histories for the first three cutting intervals of the turning tests at Vc = 250 and 350 m/min 
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has a much greater influence on the feed force than the primary 

cutting force because the major wear is the flank wear. The total 

area of the flank wear land is equivalent to the tool-work 

contact area and thus it directly affects the feed force. Besides, 

the amount of adhesion should also play an important role in 

affecting the forces. For example, the flank wear land area 

appears to be roughly the same for CM-150, MAM-250, and 

MAM-350 (see Figs. 4 – 6), but the respective feed force shown 

in Fig. 10 is quite different because the severity of tool adhesion 

in each case is quite different. No adhesion is observed at the 

cutting distance of 7.2 km in CM-150 (Fig. 4) while adhesion 

is clearly observed at this cutting distance in both MAM-250 

(Fig. 5) and MAM-350 (Fig. 6). It is also evident the adhesion 

is more severe in MAM-350 than in MAM-250 based on both 

unetched and etched tool images. Note the coating breached 

area after etching is equivalent to the adhesion covered area 

before etching. From these observations, the ranking of the feed 

force matches the ranking of the severity of adhesion in the 

three tests.  

Figure 11 shows the tool temperature history in the first 

cutting interval of each turning case. Note the tool temperature 

is measured at a fixed location on the rake face that is 0.83 mm 

from the side cutting edge and 2.5 mm from the end cutting 

edge (see the inset of Fig. 2). In all cases, the tool temperature 

increases very rapidly during the first few seconds after the 

cutting starts. The rate at which the temperature increase 

gradually decreases; the rate appears to approach a nearly 

constant value at which the temperature increases slowly and 

steadily. Since the cutting length of each interval is the same, 

the higher cutting speed results in the shorter temperature 

history curve. By comparing these curves, it is evident the tool 

temperature increases with the cutting speed in both CM and 

MAM turning. At Vc = 150 m/min, the tool temperature is 

slightly higher in MAM than in CM turning. However, at 

higher speeds, the tool temperature is significantly lower in 

MAM than in CM turning. Therefore, the reduction in 

temperature by MAM turning is more effective at the higher 

cutting speeds. This matches well with the wear results that 

wear reduction by MAM turning is more significant at the 

higher cutting speeds. 

Figure 12a shows the tool temperature history in all cutting 

intervals for CM and MAM turning at Vc = 350 m/min. In 

general, all these temperature curves show the same trend, i.e., 

an initial rapid increase in temperature smoothly transitioned to 

a steady state increase in temperature with a lower rate. The 

changes in the temperature from one interval to another should 

reflect the tool wear effect on the cutting temperature. In CM 

turning, the temperature curve for the 2nd interval is 

significantly higher than the curve for the 1st interval, which is 

due to the rapid tool wear and severe adhesion occurring during 

the 2nd interval. In MAM turning, the temperature curve is 

elevated in general from one interval to another. However, the 

temperature curve even for the 6th interval in MAM turning is 

still not higher than the temperature curve for the 1st interval in 

CM turning. This slow temperature elevation with cutting 

interval can be attributed to the mild wear progression in MAM 

turning.  

More careful observation reveals that the temperature 

elevation from one interval to another is not uniform in MAM 

turning. The temperature curve for the 2nd interval has a 

significantly lower ramp in the steady state region which leads 

to a temperature reduction compared to the 1st interval. The 

temperature curve for the 3rd interval is elevated higher than the 

 

Fig. 11. The tool temperature history during the 1st cutting interval of 

each test. See measurement setup in Fig. 2. 

 

Fig. 10. Averaged primary cutting force and feed force over each cutting interval 
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curve for the 1st interval. The temperature curve for the 4th 

interval is not significantly elevated from the 3rd interval. The 

temperature curve for the 5th interval is elevated again while the 

temperature curve for the 6th is not significantly elevated from 

the 5th interval. Both curves from the 5th and the 6th intervals 

nearly overlap with the curve for the 1st interval in CM turning 

in the steady state region. To better show the temperature 

elevation from one interval to another, the temperature value at 

time = 150 s for each curve in Fig. 12a (which is in the steady 

state region) is used as a representative temperature for the 

corresponding cutting interval. Figure 12b plots this 

representative temperature versus the cutting interval. It is 

evident that MAM turning results in lower tool temperature, 

and the increase in tool temperature with cutting interval is also 

more gradual in MAM than in CM turning. These results match 

generally well with the wear progression in CM and MAM 

turning, indicating again the close correlation between the 

temperature and the wear. 

5. Summary 

In this study, a new MAM turning setup has been 

implemented to conduct longitudinal turning experiments on 

CGI with coated carbide tools. Tool wear, cutting forces and 

temperature are experimentally characterized in CM and MAM 

turning at three cutting speeds (150, 250 and 350 m/min).  The 

findings of this study can be summarized as follows: 

The primary wear in cutting CGI with coated carbide tool is 

the flank wear in both CM and MAM turning. The flank wear 

is not reduced by MAM at the low cutting speed (150 m/min).  

However, at the higher cutting speeds (250 and 350 m/min), the 

flank wear is significantly lower in MAM than in CM turning, 

and the reduction in tool wear by MAM is even more 

significant when measured by wear volume.  

Severe iron adhesion occurs when the tool coating is 

breached, which leads to the rapid wear in CM turning at the 

higher speeds (250 and 350 m/min). In CM turning, the breach 

of tool coating accompanied by severe iron adhesion tends to 

start in the middle region of the side cutting edge and very 

rapidly spread toward the nose region and the end region of side 

cutting edge.  

The breach of coating with iron adhesion also occurs in 

MAM turning. However, it tends to start separately on the tool 

nose region and the end region of the side cutting edge, and 

then spread gradually toward the middle region of the side 

cutting edge. Increasing the cutting speed will accelerate this 

wear process, but the speed effect is far less significant in 

MAM than in CM turning. As a result, the reduction in wear by 

MAM is most effective at the higher cutting speeds. 

The increase in the flank wear leads to the increase in both 

the primary cutting force and the feed force. However, the wear 

effect is much more significant on the feed force than the 

primary cutting force, which is consistent with the fact that the 

dominant wear is the flank wear. Besides the size of the flank 

wear land, the severity of the adhesion also contributes to the 

wear effect on the forces.   

Tool temperature is significantly lower in MAM than in CM 

turning at the higher cutting speeds, but slightly higher at the 

low cutting speed, which agrees with the wear comparison in 

MAM and CM turning at the low and higher speeds. This 

indicates the reduction in tool temperature is an important 

reason for the reduction in tool wear in MAM turning.  
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