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Abstract— Machining hardened steel may produce saw-

tooth chip, which may lead high fluctuation in frequency 

periodic of the cutting force, therefore decrease tool life. In 

this study, cutting forces, shear angle, friction and chip 

frequency have been analyzed when turning hardened tool 

steel under two conditions which are dry cutting and 

combination of cold nitrogen gas with oil mist (CNMQL). 

Further study on chip morphology characteristics were 

conducted, to evaluate the effect of speed and feed rate with 

constant depth of cut under cold nitrogen gas with oil mist 

in terms of peak height, valley height, tooth height, tooth 

pitch, saw tooth chip, crack initiation angles, the degree of 

segmentation and chip segmentation frequency. The results 

show that the cold nitrogen gas with oil mist condition has 

reduced the cutting forces (feed, tangential and trust), 

reduced the chip friction (7.74 ~ 39 %) and increased shear 

angle (2 ~ 6.3%) compared to dry condition. Also it was 

found that saw-tooth chip characteristics values, chip ratio 

and chip segmentation frequency are affected by cutting 
parameters.  

Keywords— chip morphology, hard turning, nitrogen gas 

and oil mist conditions 

1. INTRODUCTION  

The properties of stainless steel alloys such as 
hardness, high temperature resistance, high creep rapture 
strength, good corrosion resistance, therefore they are 
widely used in industrial applications, for example plastic 
die mould, aerospace and automotive applications, dental 
and surgical tools, however stainless steel these alloys 
classified as hard to cut due to work-hardening tendency 
and less thermal conductivity. Cutting forces are high 
when turning these materials.  In metal cutting processes 
generally the chips types may classify into discontinuous 
chips, continuous chips, and continuous chips with built-
up edge and saw-tooth chips or serrated or segmented 
chips. Configuration for chips changes due to the 
different deformation at shear zone their different 
deformation mechanism. Saw-tooth chips show areas of 
intense shear strain in cyclical formula causing sharp 
segments to be distributed along the free side of the chip. 
Saw-toothed chips or segmented chips have two areas: 
low shear strain at continues area and high shear strain at 
discontinues area. [1]. The mechanism of saw-tooth chips 
(segmented chip) was described by two theories 
catastrophic strain localization or adiabatic shear  [2, 3] 

and fracture / crack generation or cyclic crack [1, 4]. Also 
saw-tooth chip formation generates by combination of 
‘‘crack theory’’ and ‘‘adiabatic shear theory [5]. Due to 
low thermal conductivity of hardened tool steel and the 
rapid dissipation of energy lead to consider the shear zone 
as an area of adiabatic shear [6].  

The saw-tooth chips (segmented chips) characteristics 
have been studied by many researches, Davies et al [3] 
studied the effect cutting speed on segmented chip 
dimensions, Vyas and Shaw [1] studied the effected of 
feed rate on saw-tooth chips dimensions and segmented 
chip  frequency  and Morehead et al. [7] studied the effect 
of tool wear and cutting parameters on saw-toothed chip 
morphology. Barry and Byrne [8] are studied chip 
formation two type of hardened steel and a low alloy tool 
steel by using quick-stop tests. The results showed that 
instability resulting in saw-tooth chip formation is 
adiabatic shear and transition in the free structure of the 
continuous chip, from the familiar lamellar structure to a 
'fold'-type structure. [7] studied the effect of tool wear and 
cutting parameters when turning Hardened 52100 bearing 
steel with a hardness of 62 HRC using CBN cutting tool. 
They found tooth high and tooth pitch (saw-tooth 
segmentation spacing) decreased with in flank wear 
progresses where the chip height of continuous portion 
increased. In increased all cutting parameters the pitch 
tooth was increased and chip frequency (segmentation 
frequency) was increased in term increasing of tool wear 
and cutting speed and decreased with feed, and wavers 
with depth of cut. Shear band spacing of the saw-toothed 
chip can be practically assessed based on cutting 
parameters and mechanical and thermal properties of 
workpiece. In finishing turning hardened steel, Davies et 
al. [3] suggested that segmented chips formed by 
catastrophic strain localization at some certain speed, the 
segmentation  was increased with increasing cutting 
speed and chip segmentation spacing may be revealed in 
a variation of the surface finished of workpiece. Raof et 
al. [9] conducted their experiments to study chip 
formation and coefficient of friction during dry and 
cryogenic turning of AISI 4340 alloy. The results shown 
that, the cryogenic coolants help the reduction of friction 
up to 73% and chip thickness was reduced by 21% 
compared to dry cutting.   

There is a limited literature number of chip 
morphology of hardened steel under cold nitrogen gas and 
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oil mist. Therefore, the experiments were conducted to 
investigate the effect and cutting parameters when turning 
hardened stainless tool steel using coated carbide tool. 
Two approaches were used in study, first one were used 
low speed and low feed, medium speed and feed and high 
speed and feed cutting parameters used for comparing the 
effect of dry and cold nitrogen with oil mist on cutting 
forces, shear angle and coefficient of friction, where 
another approach was used for study the effect cutting 
speed and feed rate on chip morphology characteristics 
under cold nitrogen gas and oil mist. The chip 
morphology characteristics evaluated in this study are: 
peaks high, valleys high, tooth pitch, saw tooth chip 
angle, crack initiation angles, degree of segmentation and 
chip segmentation frequency 

2. EXPERIMNTAL DETAILES 

2.1 MachineTool, Workpiece and Cutting tool 

The experiments were conducted on rigid, Alpha 
1350S CNC lathe. DCLNR 2020K12 tool holder was 
used to hold the PVD TiAlN coating coated carbide wiper 
geometry tool with ISO designation of CNMG 120408, 
and its rake angle of the insert was -10° as shown in Fig. 
1. The tool geometry is as follows: back rake angle = -5°, 
side rake angle = -5°, principal cutting edge angle= 95°, 
end cutting edge angle = 0°, nose radius = 0.8 mm, the 
effective rake angle for this experiments was 15° as 
shown in Fig. 2.  

 

 

 

 

 

 

 

 

 

Fig. 1. Chip breaker of wiper geometry for PVD TiAlN coating coated 

carbide (CNMG 120408) [10]. 

 

Fig. 2 (a) cross-section of wiper coated tool and (b) positive rake angle 

of wiper [11] 

The work material was stainless tool steel ( AISI 
420 Mod.) cylinder with hardness of 48 ±1HRC. The 
chemical compositions of this workpiece were 0.38% C, 
0.9% Si, 0.5% Mn, 13.6% Cr and 0.3% V, as informed by 
the manufacturer ( ASSB steel company, Malaysia). 

 

2.2 Cutting Paramters, coolant/lubricant coditions and 

Measuremts Tools 

The cutting parameters are listed in Table 1 for 
finishing turning process were selected according to 
previous researches [12-14]. 

TABLE 1 CUTTING PARAMETERS  

Parameters 
Levels 

Low Medium High 

Speed (m/min) 100 135 170 

Feed (mm/rev) 0.16 0.2 0.24 

Depth of cut (mm) 0.2 

 
Nitrogen gas was supplied through compressed 

cylinders under pressure 5 bar using suitable pressure 
regulator to MQL system with flow rate 40 ml/h of 
vegetable oil (castor oil). It was supplied by MQL system 
(Unist type) as shown in Fig. 3. Where for cold nitrogen 
gas was generated by passed the compressed nitrogen gas 
through the copper coil (length: 20 m and diameter: 6.35 
mm ), that was wound closed to freezer evaporator coils 
and its covered with aluminum foils to get more freezing 
temperature, all freezer walls were insulated by thicker 
foams and the temperature at freezer walls was less than 
(-28 °C). Two coolant nozzles were used to target the 
rake and flank faces of the tool as shown in Fig.4. Dry 
cutting with the same parameters was also conducted as 
control. 

 

 
Fig. 3. Schematic diagram of cold nitrogen with oil mist system 

 
Fig.4. The experimental setup of cold nitrogen with oil mist condition 
and coolant/lubricant nozzles  
 

The cutting forces were measured by using three-
component piezoelectric dynamometer (KISTLER, 
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9265B Switzerland) connected with multi-channel charge 
amplifier (Kistelr, Type 5019 A ) equipped with an A/D 
board (Kilster, type 2825 D1-2) and computer data 
acquisition software (Dyno Ware3 system). The cutting 
forces components: feed force (Fx), tangential force (Fy), 
and trust force (Fz) were measured individually as shown 
in Fig. 3.  Chip morphology observation include visual 
observation using optical microscope (Zeiss, Stemi 200-
C) and all measurement for chips were measured by using 
the tool microscope with high magnification (× 200). The 
collected chip after first cutting and end tool life cutting 
were cold mounted in epoxy and ground on SiC (300, 
600, 1200, 2000 and 4000-grits). The samples were then 
fine polished on wheels charged with 10 µ.m alumina. To 
obtain the average of chip morphology characteristics, the 
total of 20 measurements were performed under dry and 
cold nitrogen gas with oil mist conditions for all cutting 
parameters when cutting tool still new. field emission 
scanning electron microscope (FESEM) (Zeiss, type: 
Supra-35VP, Carl Zeiss was employed to evaluate the 
free surface and machined surface of the chips at low 
speed /low feed and high speed/high feed. 

Saw- tooth chip and its characteristics are shown in 
Fig. 5. Its dimensional values in terms of chip peak high 
(hmax),: chip valley high (hmin),: tooth pitch (pc),: saw- 
tooth chip angle (Ɵ1) and: crack initiation angle (Ɵ2). All 
these measurements of saw tooth chip were used to 

determine remaining parameters.  

 

 

Fig. 5. Saw- tooth chip parameters   

The degree of segmentation is (Dseg) related to peak 
height (hmax) and valley height (hmin) in collected chip 
thickness with respect seated chips  

               (1) 

In conventional chip formation, the cutting ratio can be 
defined as:  

                              (2) 

where (to) is the unreformed chip thickness (feed rate) 
and (tc) is deformed chip thickness.  

The shear angle can be expressed as: 

                      (3) 

The friction angle (β) is defined as 

β= 90+ α – 2φ                                 (4) 

Therefore the coefficient of friction (µ) is defined as: 

µ = tanβ                                            (5) 

Saw tooth chip segmentation ratio usually greater than 1. 
The cutting ratio (rc) of a saw-chip is defined as dividing 
average tooth spacing (Pseg) by work pitch (P) [1].  

Thus, the cutting ratio in hard machining can be 
calculated as follows: 

                           (6)           

 Saw-tooth chip segmentation ratio (rc) is correlated to 
the shear angle as follows: 

              (7)                                            

where (φ) is shear angle and (α) is the rake angle 

The friction angle [15] is defined as: 

Β = 45 + α – φ                                                     (8) 

where, the coefficient of friction in saw tooth chip 
segmentation is the same as in Equation (5). The saw-
tooth segmentation frequency (fseg) is the ratio between 
chip cutting speed (Vc) and mean tooth spacing or pitch 
tooth (Pseg) as follows [1]: 

             (9) 

3. RESULTS AND DISCUSSION 

3.1 Influence of cold nitrogen gas and oil mist on cutting 
forces  

All type of cutting forces increased with the increased 
of speed and feed regardless of whether dry or with 
coolant/ lubricant conditions as shown in Fig. 6. The 
forces under cold nitrogen with mist were lower than 
those for dry conditions. The feed forces, cutting forces 
and trust forces under dry were obtained in the range of (4 
- 90 N), (213- 378 N) and (135-174 N) respectively, while 
under cold nitrogen gas with oil were obtained in the 
range of (44 - 71 N), (194 - 362 N) and (129 - 174 N) 
respectively. Application of cold nitrogen gas and oil mist 
condition to be more significant to reduce the cutting 
forces. Here best performance of cold nitrogen gas with 
oil mist condition was at  low cutting speed and low of 
feed rate in terms of feed forces, tangential forces and 
trust forces, which  decreased by 18.8%, 9% and 10.8% 
respectively compared to day condition.  
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Fig. 6. The measured force of: (a) feed, (b) cutting and (c) trust for dry 

and cold nitrogen with oil mist conditions 

3.2 Chip  formation of harened tool steel under dry and 

cold nitrogin with oil mist  

The chip in low speed low feed was snarled chip, 
where medium speeds and feed and high speed and feed 
the chip was tightly coiled. At combination of low speed 
and low feed, the chip was continues chip type under dry, 
and cold nitrogen with oil mist , and its changed to saw-
tooth chip with increased combination of cutting speed 
and feed rate as shown in Fig. 7.  

The chip thickness under dry condition higher than under 

cold nitrogen with oil mist condition. Serrated chip 

formation is clearly seen on the free side of the chips at 

the high cutting speed and high feed rate.  As seen on the 
machined surface of the chips, the depth and number of 

traces increased under dry condition. 

 

  
Fig. 7. Chip morphology using optical microscope under two conditions 

Table 2 lists the cutting ratio, chip frequency and 
coefficient of frictions, are calculated using equations 
above. The cold nitrogen gas with oil mist had increased 
the shear angle by (2 ~ 6.3%) and the coefficient of 
friction reduced by (7.74 ~ 39 %) compared to dry 
condition for all cutting parameters. In machining process 
larger shear angle provides small shear plane, which will 

results less forces needed to cutting chips, therefore 
resulting in lower friction coefficient. 

TABLE 2  CALCULATED CUTTING RATIOS, SHEAR ANGLE, 
FRICTION ANGLE, AND COEFFICIENT OF FRICTION UNDER DRY AND COLD 

NITROGEN GAS WITH OIL MIST (CN2+MQL). 

 
 

3.3 Effects of cutting paramters on chip chratcterises 

The chip morphology characteristics changes were 
observed under optical microscope in hardened stainless 
tool steel with hardness value 48 HRC using coated 
carbide tool under cold nitrogen gas with oil mist, for the 
combination of cutting speed and feed rates are shown in 
Fig. 8.  At low cutting speed (100 m/min) the chip 
morphology took the shape of continues chip type with 
homogenous deformation, even at the increase of feed 
rate the chip remained continuous type however with 
increasing its thickness. When increase cutting speed, the 
chip morphology changed into segmented tooth chip, 
where the chip thickness and saw tooth distance increased 
significantly, and the separation tendency between saw 
teeth also increased. Characteristics of saw-toothed are 
formed by localization of deformation and catastrophic 
shear, thus it’s mechanisms generated based on the 
initiation of a crack followed by a slip [6]. At low speed 
(100 m/min)  with three level of feeds (0.16 , 2 and 0.24 
mm/rev)  the  chip was twisted long ribbon type, where in 
high speed  (170 m/min) with three level of feeds (0.16 , 2 
and 0.24 mm/rev)  the chip was snarled tubular type. 

 

 
Fig.8. Chip morphologies of stainless took steel (48 HRC) at 

combination of cutting speed and feed rate using coated carbide under 
cold nitrogen gas with oil mist condition 

3.4 Effects of cutting paramters on peak and vally saw-

tooth chip high 

The overall effects of cutting parameters on degree 
peak and valley saw-tooth chip high are shown in Fig. 9a 
and 9b respectively. It is observed that feed rate has the 
most significant effect on chip peak and valley saw-tooth 
chip high. These chip characteristics have shown a 
continuous increase with increase in feed rate. The 
variation of peak segmented chip high with increase in 
cutting speed is almost constant, where the valley saw-
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tooth chip high was decreased with increase in cutting 
speed.  

 

 
Fig. 9. Variation (a) peak height and (b) valley height and tooth 

The reduction in peak and valley saw-tooth chip high 
as cutting speed increasing due to high heat generation in 
the cutting zone with increased shear instability which 
leads to a reduction in valley height and increase in tooth 
height, therefore the chip segmentation was increased. 
The chip deformation was decreasing in machining 
hardened stainless steel with the increased of cutting 
speed [16].    

3.5 Effects of cutting paramyers on tooth pitch 

The effect of cutting parameters on pitch tooth is 
shown in Fig.10, the effect of feed rate on tooth pitch is 
significantly with increase of feed rate from 0.16 to 0.2 
and it remain almost constant with increase feed from 02 
to 0.24 mm/rev . Tooth pitch has decreased with the 
increase of the cutting speed, similar trend was observed 
by [17, 18]. 

 

Fig. 10. Variation of pitch tooth with combinations of cutting speeds and 

feed rates 

3.6 Effects of cutting paramters on saw-tooth chip angle 

(Ɵ1) 

The effects of machining conditions saw-tooth chip 
angle (Ɵ1) are given in Fig. 11. With increasing cutting 
speed (vc), the saw-tooth chip angle (Ɵ1) was decreased. 
However it was decreased slightly with the increase in 
feed rate (f).  At cutting speed of 135 m/min with 
different feed rate the saw-tooth chip angle (Ɵ1) remain 
closed to 80°, where at cutting speed 170 m/min with 
different feed rates saw-tooth chip angle (Ɵ1) was ranged 
from 66 to 69°. [19] also observed a similar variation of 
saw-tooth chip angle with cutting speed (100-250 m/min) 
and Feed/tooth fz (0.03-0.06 mm/Z) when high-speed 
milling of hardened steel. 

 

 

Fig. 11. Variation of saw tooth chip angle (Ɵ1) with combinations of 

cutting speeds and feed rates 

3.7 Effects of cutting paramters on crack initiation angle 

(Ɵ2) 

The effects of machining conditions on crack 
initiation angle (Ɵ2) is shown in Fig .12, it can be 
observed that it was increased with increasing feed and 
cutting speed (v), crack initiation angle (Ɵ2) has shown a 
small linear increase with the increase in feed rate. 
However, this angle measured from 27 to 44° for all 
cutting parameters. 

 
Fig. 11 Variation of saw tooth chip angle (Ɵ1) with combinations of 

cutting speeds and feed rates 

3.8 Effects of cutting paramters on degree of 

segmentation (Gs) 

Usually, in hard turning processes, the amount of 
plastic deformation considerably alters with an increase in 
the cutting speed, as the temperature rises at the shear 
zone. The trend of the degree of segmentation of cutting 
parameters is shown in Figure 4.45. It is detected that the 
degree of segmentation was increased linearly as feed rate 
increased. Moreover, the effect of cutting speed is more 
significant than the effect of feed on the degree of 
segmentation, because of increase the cutting speed as a 
result of softening of the workpiece material which leads 
to further formation of adiabatic shearing of chip within 
the primary area as suggested by Qibiao et al. [20] 
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Fig. 13. Effects of cutting speeds and feed rates on degree of 

segmentation  

3.9 Effects of cutting paramters on chip frequancey  

Machining of hardened steel materials that are used 
for die and mold applications produced high force and 
power. Additionally, the formation saw-tooth chip 
provides increase of the periodic cycle transformation of 
the cutting force and high-frequency vibrations. This may 
affect tool life time and lead to premature tool failure 
(Khrais and Lin, 2007). From previous work [21, 22] in 
hard machining, segmentation frequencies can range from 
3.8 kHz to 250 kHz. The saw-tooth segmentation 
frequency is an important factor which indicates cyclic 
cutting force frequency. Saw-tooth segmentation 
frequency trends are presented in Figure 4.46. It can be 
observed from the figure that the cutting speed and feed 
rate have a reverse influence on segmentation frequency, 
it was increased with cutting speed increased, while 
decrease with increase in feed rate.  

 

Fig. 14. Variation of saw-tooth segmentation frequency with 

combination of cutting speeds and feed rates 

This result agrees with other previous researchers in 
turning hardened steel [7, 23], and milling of titanium 
alloy [17]. It was also observed that there is a direct 
relationship between segmentation frequency and cutting 
speed [22, 24]. In hard turning processes, the 
segmentation frequency is very high, which is above the 
natural frequencies of machine elements, therefore rigid 
machining centers in hard turning are recommended to 
avoid the vibration occurring at the beginning and end of 
a cut [1] 

4. CONCLUTION 

 In this study, the effect of dry and cold nitrogen with oil 
mist conditions at different  cutting parameters on the 
saw-toothed chip morphology, shear angle and coefficient 

of  friction  were conducted in turning handed tool steel 
(STAVAX ESR) using wiper coated carbide tools. Chip 
morphology measurements in terms of: peak high, valley 
high, tooth pitch, saw tooth chip angle and crack initiation 
angles were done by using an optical microscope. Cutting 
forces, segmentation degree and segmentation frequency 
were also collected during the experiments, following 
conclusions can be drawn based on this study: 

1. Best performance of cold nitrogen gas and oil mist condition was 
at  low cutting speed –low of feed rate in terms of feed forces, 
cutting forces and trust forces, which  decreased by 18.8%, 9% 
and 10.8% respectively compared to dry condition.  

2. The cold nitrogen gas and oil mist had increased shear angle by 
(2 ~ 6.3%) compared to dry condition, resulting in reduction in 
where coefficient of friction by (7.7 ~ 35 %) compared to dry 
conditions for all cutting parameters. 

3. Observation from all conditions of coolant lubricants, when 
cutting speed was low, chip morphology took the shape of 
continues chip type with homogenous deformation, where with 
increase cutting speed, the chip morphology changed into saw-
tooth chip. 

4. Cutting speed and feed rate have opposite effect on chip peak and 
valley height, it decreasing with increasing speed, while 
increasing with increased feed.  

5.  Tooth pitch has shown decreased with increase the cutting speed. 
6. Cutting speed more significant effect on both saw-tooth chip and 

crack initiation angle than feed rate. 
7. Cutting speed and feed rate have opposite effect on saw-tooth 

segmentation frequency, it is increased with the increase in 
cutting speed, but it decreases with the increase in feed rate. 
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