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cooling-lubrication conditions and thermo-mechanical 
properties of both the workpiece and tool materials [6, 7].

In dry machining, the thermal and tribo-mechanical loads 
on the cutting edge are typically mitigated by applying hard 
protective coatings. Among these, physical vapour deposi-
tion (PVD) coatings based on titanium aluminium nitride 
(TiAlN) are widely used. TiAlN coatings provide high 
hardness, excellent thermal stability and oxidation resis-
tance, and retain favourable mechanical properties even at 
elevated temperatures [8, 9].

An alternative strategy for managing the thermal load 
is the use of cooling lubricating fluids (CLFs) [10]. These 
fluids reduce the coefficient of friction at the tool–chip and 
tool–workpiece interfaces and promote convective heat dis-
sipation, thereby lowering the cutting temperature [11, 12]. 
However, elevated temperatures have a dual effect: while 
they soften the workpiece material and reduce cutting forces, 
they also deteriorate the mechanical properties of the tool 
and accelerate wear mechanisms such as diffusion and oxi-
dation [13, 14]. Effective process control therefore requires 
maintaining the cutting temperature within an optimal 
range to balance these competing effects [15]. Conventional 

1  Introduction

During metal cutting processes, heat is generated pri-
marily at the tool–chip interface [1]. This results from 
severe plastic deformation during the chip formation and 
friction between the flowing chip and the rake face of 
the cutting tool [2, 3]. The generated heat is distributed 
among the tool, chip, and workpiece, influencing tool 
wear, surface integrity, and chip formation mechanisms 
[4, 5]. The extent of heat generation and its partition-
ing depend strongly on process parameters such as cut-
ting speed, feed rate, and depth of cut, as well as on the 
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cooling and lubrication are often achieved using oils or 
emulsions, applied in flood mode (typically < 2–3 bar) or in 
high-pressure mode (20–70 bar), but in neither case is the 
fluid delivery rate precisely controlled [16, 17]. More pre-
cise adjustment of cooling capacity by controlling the flow 
of the CLFs can be achieved using cryogenic media such 
as liquid nitrogen (LN₂) or liquid carbon dioxide (LCO₂). 
Compared with conventional CLFs, these cryogenic agents 
provide superior cooling performance and reduced environ-
mental impact [11, 18]. After cutting, they evaporate and 
leave no residue, unlike other CLFs [19, 20]. Due to the 
use of cryogenic media, the tool also undergoes a form of 
cryogenic thermal treatment, which can improve its wear 
resistance and extend tool life; however, the effectiveness of 
this treatment strongly depends on the tool material and its 
microstructural response to deep cooling [21, 22].

The use of LN₂ is complicated by its extremely low stor-
age temperature, requires insulation on the supply line, and 
is therefore not suitable for feeding through the spindle or 
turret of a machine tool, and does not allow mixing with 
oils. In contrast, LCO₂ offers a more practical alternative. It 
can be stored at room temperature in a gas cylinder, allow-
ing straightforward handling and supply to the cutting zone 
in pure form or as a mixture with oil [23]. Due to the phase 
transformation of LCO2 from liquid to a gaseous state when 
exiting the nozzle, the cooling effect depends on the heat 
transfer rate and latent heat transfer rate, which is directly 
related to the LCO2 flow rate [24, 25].

Several authors have reported on milling and turning 
studies using pure LCO2 with various flow rates. In mill-
ing processes, the number of teeth or nozzles must also be 
considered when calculating the total LCO2 flow rate, as the 
key data is the LCO2 flow rate per nozzle or flow rate per 
cutting edge. Therefore, the values for milling are presented 
as LCO2 flow per individual nozzle.

Sadik et al. [18] studied milling of Ti-6Al-4 V using PVD 
coated inserts with three different LCO2 flow rates (75, 85 
and 325 g/min) and found that higher LCO2 flow rates sig-
nificantly extended the tool life. Khanna, N. et al. [26] used 
a flow rate of 800 g/min per nozzle in end milling of glass 
fiber reinforced polymer, which resulted in an 80% reduc-
tion in the cutting zone temperature, a lower tool wear, a 
5% reduction in the modulus of cutting force, and a reduced 
surface roughness compared to dry machining. Cordes et al. 
[27] achieved higher material removal rates (+ 72%) and a 
significant reduction in tool wear rate (–63%) when milling 
stainless steel 1.4962 with an LCO2 flow rate of 33 g/min 
per nozzle. In several studies the authors did not report the 
exact LCO2 flow rate used in experiments [19, 28].

Experiments were also conducted for turning, where LCO2 
is typically supplied through a single nozzle. Wang et al. [29] 
used an LCO2 flow rate of 750 g/min to compare various feed 

rates and cutting speeds when turning cylindrical roller bearing 
inner rings with PCD inserts. Similarly, Llanos et al. [30] con-
ducted experiments on hard turning of components for roller 
bearings using LCO2 at a flow rate of 500 g/min. Test cases 
showed that LCO2 can outperform conventional cutting fluids 
in sustainability and cost-effectiveness. Furthermore, Jamil et 
al. [31] reported that when turning Ti-6Al-4 V using LCO2 at 
a flow rate of 350–450 g/min, the temperature was reduced 
by 62% compared to dry cutting, and LCO2 also significantly 
reduced tool wear compared to other cooling modes.

Tool wear and tribological studies using LCO2 were also 
conducted in a laboratory environment, on a pin-on-disc 
[32] and open tribometer apparatus [33, 34]. Courbon et al. 
[33] used a flow rate of 130 g/min, while one of us [34] used 
200 g/min. In our previous work [32], the flow rate of LCO2 
used in tribotests was set to approximately 83 g/min.

Despite the demonstrated benefits of cryogenic cool-
ing in machining, systematic studies combining cryogenic 
media with coated carbide tools remain limited as shown 
in a review of the existing literature. Furthermore, there is 
a lack of experimental data on the thermal conditions at the 
cutting edge under pure LCO₂ cooling and their relationship 
with tool wear and surface integrity. Therefore, the aim of 
this study is to investigate the performance of TiAlN-coated 
carbide inserts in longitudinal turning of 42CrMo4 alloy 
steel under cryogenic cooling with different LCO₂ flow 
rates to present a methodology for determining optimal con-
ditions for machining using LCO2. Specifically, the study 
focuses on (i) in-situ measurement of temperatures on the 
cutting edge, (ii) analysis of cutting forces, (iii) evaluation 
of tool wear mechanisms, and (iv) characterization of the 
resulting surface integrity.

Therefore, this work examines in more detail the influ-
ence of various flow rates of pure LCO2 on cutting zone 
temperature, tool wear and the TiAlN coating during turning 
of 42CrMo4 steel.

To ensure clarity and consistency, the abbreviations of all 
parameters used in this study are listed in Table 1.

Table 1  List of abbreviations
Abbreviation Description Units
Re yield strength N/mm2

Rm ultimate tensile strength N/mm2

ap depth of cut mm
f feed rate mm/rev
vc cutting speed m/min
VB flank wear µm
VBmax maximum flank wear µm
Fc cutting force N
Ff feed force N
Fp passive force N
Ra arithmetic average roughness µm
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2  Experimental

2.1  Machining setup

Longitudinal turning experiments were conducted on a 
CNC lathe (Mori Seiki SL 153) using standardized tung-
sten carbide cutting inserts (DCMT11T304-MF2, Seco, 
Sweden) with a clearance angle of 7.0°, corner radius of 
0.4 mm, cutting edge radius of 0.04 mm and an included 
angle of 55.0°. Before coating, all inserts were ultrasoni-
cally cleaned in ethanol and then sputter-etched to remove 
surface contaminants. A TiAlN coating was deposited in an 
industrial cathodic arc evaporation unit (Kobelco AIPocket) 
using TiAl targets with a Ti:Al atomic ratio of 40:60 (at.%). 
During the deposition process, the inserts were mounted in 
the holders with a three-fold rotation to promote uniform 
film growth [35, 36]. The resulting coating thickness was 

determined by cross-sectional scanning electron micros-
copy (SEM), yielding an average value of 2.4 µm (Fig. 1). 
Coating hardness was 29 ± 3 GPa.

For tool temperature monitoring, blind holes of 0.6 mm 
diameter were manufactured into the inserts using electri-
cal discharge machining (EDM, Makino EDA2F). Type K 
thermocouples (NiCr–Ni, Ø 0.4 mm, Class 1, IEC 584–2, 
temperature range: –40 to 1000  °C) were embedded in 
the machined holes so that the junction was positioned 
0.4 ± 0.01  mm beneath the rake surface as presented on 
Fig. 2c. Heat transfer was improved by using a copper paste 
between the thermocouple and the hole surface.

The tool holder was modified and upgraded with a custom 
3D-printed nozzle to provide an internal LCO2 delivery chan-
nel as close to the cutting edge as possible for effective cooling 
(Fig. 2b). The distance between the nozzle and the tip of the 
cutting insert was 7.65 mm (inset, Fig. 2a). This configuration 
enabled a direct supply of LCO2 into the cutting zone dur-
ing machining (Fig. 2a). The purity of applied LCO₂ used as 
the cryogenic coolant was ≥ 99.5%. LCO2 was stored in a gas 
cylinder and delivered at a room temperature (23 °C) and a 
pressure of 57 bar. The flow rate was constant in each mea-
surement, and the selected range of LCO2 flows was from 0 to 
450 g/min with a division of 50 g/min. It was regulated using a 
precision needle valve and continuously monitored. For flows 
up to 200 g/min, measurements were taken using a Bronkhorst 
mini Cori-Flow digital mass flow meter (W14-AAD-BB-0-S), 
while higher flow rates (> 250 g/min) were monitored with an 
ArcLub One system which has a built-in Bronkhorst Mini 
Cori Flow M15 coriolis mass flow meter. During the experi-
ments, the average relative humidity was 55% ± 10%, while 
the average ambient temperature was 23 °C.

2.2  Materials

The workpiece material used in the experiments was hot-
rolled 42CrMo4 (EN 10083–3, W.-Nr. 1.7225) alloy steel, 
equivalent to AISI 4140 (ASTM A29) alloy steel, supplied 

Fig. 2  Experimental setup (a) on 
the CNC lathe, cutting insert holder 
(b) with positioned thermocouple 
and cross-section of the cutting 
insert (c)

 

Fig. 1  SEM cross-sectional image of the TiAlN coating on the turning 
inserts
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2.3  Methods

To select the optimal turning parameters, preliminary 
experiments were conducted to analyze the influence of 
cutting depth and cutting speed on tool life under dry con-
ditions. The aim was to determine the appropriate param-
eters that would enable a time- and cost-effective study 
of the impact of LCO2 on the turning process in the next 
step. Preliminary cutting speeds were selected based on 
the recommended machining parameters for these cutting 
inserts, in the range of 150–300 m/min with a division of 
50 m/min. Depth of cut (ap) used for preliminary experi-
ments was 1 mm and 1.5 mm.

Based on the results of preliminary experiments shown 
in Fig.  4, we selected the cutting speeds and cutting 
depths (shaded area) that were used for further research. 
The selected turning parameters enabled a comparison 
between different conditions, while the maximum turn-
ing length was suitable for the experimental setup. The 
cutting parameters were kept constant, with a depth of 
cut (ap) of 1 mm and a feed rate (f) of 0.2 mm/rev. Two 
cutting speeds (vc) were selected: 250 and 300  m/min. 
We focused on higher cutting speeds also to increase pro-
ductivity, which is one of the purposes of using LCO2 
[40, 41].

The LCO2 supply was opened and allowed to 
stabilize just before the tool came into contact with the 
workpiece. This stabilization took a few seconds, as the 
liquid phase needed to reach the nozzle. As a result, the 
tool was briefly exposed to cryogenic heat treatment, an 
effect that is unavoidable due to the nature of the LCO2 
supply method [42, 43]. Potential deviations arising 
from these factors were minimized by repeating the 
experiments multiple times. Additionally, the impact of 
cryogenic treatment was mitigated by the selection of 
the tool material, which affects WC–Co to a lesser extent 
than, for example, HSS [21, 44, 45]. Since the cutting 

as round bars. It is widely used for highly loaded mechan-
ical components where fatigue strength and toughness are 
critical [37].

However, its relatively high hardness and tensile strength, 
particularly in the quenched and tempered condition, result 
in elevated cutting forces, increased heat generation, and 
accelerated tool wear during machining. Chromium and 
molybdenum enhance hardenability and wear resistance 
but also increase abrasiveness and thermal load at the tool–
chip interface. Consequently, machining of 42CrMo4 often 
presents challenges related to flank and crater wear, surface 
integrity alteration, and process stability [38, 39].

The bars were quenched at 860 °C ± 10 °C with a hold-
ing time of 5–7 h, followed by tempering at 560 °C ± 10 °C 
with a holding time of 7–9 h. The as-received bar diameter 
was 70 mm ± 1 mm. The nominal chemical composition is 
provided in Table 2. The mechanical properties of the heat-
treated material were: yield strength (Re) of 900 N/mm2 and 
ultimate tensile strength (Rm) of 1025 N/mm2.

Hardness was evaluated using Rockwell hardness test 
(OMAG 206 RT) on cross-sectional specimens taken from 
three bars. The results indicated a uniform hardness distribu-
tion across diameters between 38 and 68 mm (Fig. 3). Below 
38  mm, a noticeable reduction in hardness was observed. 
Therefore, all machining tests were conducted within the 
38–68 mm diameter range to ensure material uniformity and 
experimental repeatability. Preliminary experiments confirmed 
that this range provided consistent tool life, whereas smaller 
diameters exhibited a significantly extended tool life under 
identical cutting conditions. The measured hardness for the 
selected diameters was 35 ± 1 HRc. Before each experiment, a 
cleaning pass was performed on the bar surface to remove the 
outer layer and ensure an initial diameter of 68 mm.

The length of the workpieces was 330 mm in total, resulting 
in an effective machining length of 300 mm. Each workpiece 
was securely clamped at one end and supported by a tailstock 
at the opposite end to ensure stability during machining.

Table 2  Chemical composition of the 42CrMo4 alloy steel used for the study
C P Ni Cu Si S Mo Mn Cr Al
0.4 0.014 0.03 0.02 0.2 0.026 0.16 0.74 1.03 0.025

Fig. 3  Hardness of the 42CrMo4 
alloy steel across the bar 
cross-section
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3  Results and discussion

3.1  Tool life

The flank wear VB of cutting tools is often chosen as a tool 
life criterion, as it directly affects the machining accuracy, 
stability and reliability of the process [46]. Under dry 
(Fig.  5a) and LCO2 (Fig.  5b) cutting conditions, the 
flank wear was stable, but at the end of the tool life, wear 
increased rapidly, so monitoring wear at individual time 
intervals was not appropriate. Furthermore, crater wear 
was present, which also caused tool breakage. While it 
is possible to measure wear on the flank face only at 
selected intervals, indirect real-time wear monitoring is 
also possible by monitoring cutting forces, which reflect 
the gradual development of the wear [47]. Therefore, we 
chose a rapid increase in cutting forces just before the 
tool failure as the wear criterion, which coincides with 
the increased flank wear over the wear criterion, as shown 
in Fig. 5. However, not all cutting forces increase equally 
with increasing wear, radial/axial components (passive 
and feed force) are more sensitive than the main cutting 
force [48]. We therefore determined the wear criterion as 
when one of the forces increases by more than 20% in a 
time of < 5 s which also indicates accelerated wear near 
VBmax.

The relation between the tool life and the LCO2 flow 
rate at cutting speeds of 250 m/min and 300 m/min using 
turning inserts with TiAlN and without coating is shown in 
Fig. 6. The measurements were repeated at least three times 
to ensure repeatability. The error bars represent the standard 
deviation, reaching up to 11% for TiAlN-coated tools and 
up to 20% for uncoated tools.

The uncoated inserts were used for comparison only, 
so measurements were made using LCO2 at flow rates 

insert tool life exceeded the length of a single pass, the 
experiment was performed on the same workpiece in 
several passes, at different diameters. The tool moved 
to the initial turning position using a rapid feed, with 
the LCO₂ supply maintained constant throughout. At 
different machining lengths with different number of 
passes no deviations were observed attributable to the 
brief exposure of the tool to LCO₂ while it was not in 
contact with the workpiece.

Cutting forces were recorded using a piezoelectric dyna-
mometer (Kistler, type 9129AA). Surface roughness of 
the machined workpieces was measured with a portable 
profilometer (Mitutoyo Surftest SJ-301). Tool wear and 
wear mechanisms were characterized by scanning electron 
microscopy (SEM, Thermo Fisher Quanta 650 ESEM and 
Helios Nanolab 650).

Fig. 4  Turning length (in m) versus cutting speed (in m/min) for ap = 1 
and ap = 1.5. The shaded area indicates the selected cutting speeds used 
in this study

 

Fig. 5  Correlation between cutting forces and wear VB at cutting speed of 250 m/min in dry cutting mode (a) and with LCO2 flow of 200 g/min (b)
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3.2  Temperature

In order to understand the influence of LCO2 flow on 
tool life, it is also necessary to consider the temperature 
conditions during cutting. Although we did not measure 
the temperature exactly in the cutting zone at the tool/
workpiece/chip interface, we can compare individual 
temperature conditions from the temperature measure-
ments under the tool surface. It should be noted that the 
temperature at the actual tool–chip interface cannot be 
measured directly in practice and can only be estimated 
using FEM method [49, 50], which is beyond the scope 
of the present study. Instead, our approach relies on pre-
viously published studies [51–53] where temperatures 
were determined using various experimental methods, 
including the placement of thermocouples just below the 
surface of the cutting insert.

Figure  7a shows temperature measurements at the 
beginning, middle and end of turning at a cutting speed 
of 250  m/min, and Fig.  7b at a cutting speed of 300  m/
min. Comparison of the values in three different turning 
phases confirms the increase in temperature with wear. 
The more the cutting edge is worn, the greater the friction 
and the higher the temperatures, which is also confirmed 
by other studies [54, 55]. Under dry cutting conditions at 
a cutting speed of 250 m/min the temperature increases by 
up to 25%, whereas at 300 m/min, the increase is smaller, 
approximately 10%. When comparing different LCO2 
flows, we found that temperatures decrease with increas-
ing flow of LCO2. However, at a cutting speed of 250 m/
min, the temperature is constant at flow rates from 250 g/
min onwards, and at a cutting speed of 300 m/min it is con-
stant from 300 g/min onwards. These values indicate that 
the temperature in the cutting zone does not depend lin-
early on the LCO2 flow rate. LCO2 lowers the temperature 

of 0–250 g/min. The lowest tool life was at dry cutting 
conditions and prolonged with LCO2 flow. At a cutting 
speed of 250  m/min, the tool life prolonged by ≈180% 
with LCO2, and by ≈170% at 300 m/min. TiAlN coated 
inserts had a significantly longer tool life compared to 
uncoated tools, and the difference between dry and LCO2 
assisted cutting was also more intense. When using LCO2 
at cutting speed of 250 m/min, the TiAlN coated tool had 
a 6–9 times longer tool life compared to the uncoated 
inserts. Similar, at cutting speed of 300 m/min, the tool 
life is prolonged by a factor of 6–10 compared to the 
uncoated tools at the same cutting speed. At both cutting 
speeds, the tool life of TiAlN coated inserts reaches its 
peak at 200–250  g/min LCO2. As the LCO2 flow rate 
increases further, the tool life begins to decline and above 
400  g/min it even reaches values lower than at the dry 
cutting mode.

Fig. 7  Temperature in various stages measured 0.4 mm under the turning insert surface at cutting speeds of 250 m/min (a) and 300 m/min (b)

 

Fig. 6  Turning length versus LCO2 flow rate for uncoated and TiAlN 
coated inserts at cutting speeds of 250 and 300 m/min. Error bars rep-
resent standard deviation
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3.3  Cutting forces

We measured the cutting (tangential, Fc), feed (axial, Ff) and 
passive (radial, Fp) forces using a piezoelectric dynamome-
ter. The measured values show that the main cutting force is 
the largest, followed by the feed force and the passive force 
is the smallest. All three cutting force components increase 
with wear, similar as temperature, as shown in Fig. 5, and for 
the force comparison we therefore chose the average values 
of the individual sections. Figure 8 shows the force values 
at the beginning, middle and end of turning. For better visu-
alization, a linear fit is also added to the values, showing the 
trend of the force magnitude depending on the LCO2 flow. 

due to the cooling effect [56], but this cooling effect is lim-
ited. The reason may also lie in the design of the cutting 
setup itself, especially the distance between the nozzle and 
the cutting zone and shape of the nozzle [57].

Given the increased tool wear at LCO2 flows above 
250  g/min and the stationary temperature conditions in 
the tool at these flows, it is also likely that a higher LCO2 
flow does not only remove heat from the tool, but rather 
increases heat dissipation from the workpiece and tool 
material. As a result, the softening of the material due to 
increased temperatures is less pronounced, which conse-
quently promotes tool wear, especially abrasion and the 
associated crater wear.

Fig. 8  Cutting force (a, b), feed 
force (c, d) and passive force (e, 
f) at cutting speeds of 250 m/min 
(a, c, e) and 300 m/min (b, d, f) at 
various LCO2 flow rates
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the passive force which is in the range of 80–120 N at the 
cutting speed of 250 m/min and in the range of 80–170 N 
at the cutting speed of 300 m/min. It can be concluded, as 
also evident from the graphs, that both the feed and passive 
forces do not vary with the LCO₂ flow rate.

3.4  Wear mechanisms

The measured workpiece surface roughness value (Ra) during 
initial and steady wear stage was similar for all parameters – at 
a speed of 250 m/min Ra was 3.33 ± 0.15 µm and at a speed of 
300 m/min it was 3.32 ± 0.14 µm. No difference was observed 
in surface roughness between different LCO2 flows includ-
ing dry cutting. Given that the machining parameters and the 
choice of the cutting inserts are suitable for medium machin-
ing, it is not expected that the roughness of the machined sur-
face of the workpiece will change significantly [59].

Tool wear analysis was performed using SEM on all rake 
and flank faces of the used cutting inserts. Similar tool wear 
modes were observed in both, dry and LCO2 assisted turning. 
On the rake face (see Fig. 9a and c) crater wear, Build-Up-
Edge (BUE) and Build-Up-Layer (BUL) are the main wear 
modes while on the flank face (see Fig. 10a and c) the main 
wear modes observed are adhesion of the workpiece material 
and formation of micro cracks. Crater wear first begins to 
form on the chip breaker in the initial wear stage and only 
fully develops in the last phase of the turning in the rapid 
wear stage [60]. During the steady stage the wear remains 
similar to the initial stage and does not increase significantly. 
Crater wear occurs as a result of chip abrasion, which is also 
confirmed by abrasive traces perpendicular to the tool feed 
direction, as shown in Fig. 9b [61].

Similar to the temperature, the forces also increase with 
increasing wear, which confirms the correlation between 
the cutting forces, wear and temperature in the cutting zone 
[58]. A higher LCO2 flow allows more heat to be removed, 
but the distribution is probably no longer effective enough 
to cool only the tool, but also the workpiece, which in turn 
affects the increase in cutting forces. Therefore, in addition 
to the LCO2 flow rate, the number, orientation and shape 
of the supply nozzles are also important to enable a precise 
cooling of only the tool without the surrounding area.

The main cutting force is presented in Fig.  8a for 
vc = 250 m/min and in Fig. 8b for vc = 300 m/min remained 
consistently in the range of 500–550 N across all LCO₂ flow 
rates and at both cutting speeds. The values show no statisti-
cal differences between both cutting speeds, however, cutting 
forces increase with LCO2 flow. The greater increase in cut-
ting forces with LCO2 flow at 250 m/min compared to 300 m/
min can be explained by the better cooling effect of the work-
piece material at lower cutting speeds, since due to the work-
piece rotation speed, the material is in contact with LCO2 for 
a longer time and therefore undergoes stronger cooling. Due 
to lower temperatures, there is less temperature-related mate-
rial softening, which increases the cutting forces.

Conversely, no significant differences were observed in 
the feed and passive forces between the various LCO₂ flow 
rates. At a cutting speed of 250 m/min, the feed forces at the 
beginning and in the middle of the turning process were sim-
ilar to those at 300 m/min, ranging from 220–250 N at the 
start and 230–280 N in the middle. At the end, however, the 
feed forces at 300 m/min were approximately 25% higher 
than those at 250 m/min which remained within the range 
measured in the middle of the cut. The same is observed for 

Fig. 9  Rake face of the cutting 
insert after turning at 250 m/min in 
dry cutting mode (a, b) and with 
LCO2 flow of 200 g/min (c, d). The 
main types of wear are crater wear 
and adhesion of material on the 
cutting edge
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the adhered material, the radius of the cutting edge increases 
and the geometry of the tool changes, which affects the forma-
tion of chips, and above all, increases the cutting forces [63]. 
Friction and heat generation also increase. With increasing 
cutting forces, crater wear also increases, which weakens the 
cutting edge [60]. The weakened cutting edge and increased 
cutting forces, together with the micro cracks, cause tool 
breakage. Although higher LCO2 flows reduce the formation 
of BUE, they also reduce the softening of the workpiece mate-
rial, which results in higher cutting forces, which, according to 
our results, has a greater impact on tool wear than the increase 
in forces due to BUE formation.

The depth of cut ap is clearly visible from the flank 
face, where the surface is smooth without adhered material 
(Fig. 10a and c). However, material deposition is noticeable 
on the areas of the cutting insert that are not in the ap area 
(Fig. 10d). On the worn surface of the flank face, particles 
of workpiece material are adhered to the TiAlN coating and 
then peeled off, causing adhesive wear. At the cutting speed 
of 250 m/min, the flake with adhered workpiece material is 
clearly visible on all cutting inserts. In contrast, on cutting 
inserts that were used for turning at 300 m/min, there is less 
visible adhered material on the flank face.

On the rake face, abrasion causes initial crater wear on the 
hard coating, while directly on the cutting edge the hard coat-
ing remains and the workpiece material adheres to it. The chip 
is formed on the cutting edge and only changes its direction of 
movement at the chip breaker, which is why the temperature on 
the cutting insert is the highest slightly above the cutting edge 
on the rake face as a result of friction between the chip and the 
rake face [62]. However, material adhesion occurs at the cut-
ting edge which is clearly visible from SEM and EDS analy-
ses. When using LCO2, it is expected that adhesion will be less 
intensive due to better cooling and poorer thermal softening 
of the workpiece material [10]. This is true to a certain extent, 
but adhesion is still present, which is visible from the analyses.

With increased LCO2 flows the wear mechanisms are simi-
lar (Fig. 9d and Fig. 10d). The temperature graphs (Fig. 7) indi-
cate that from LCO2 flow rate of 250 or 300 g/min onwards 
the measured temperature in the cutting insert is similar. This 
means that a larger amount of LCO2 does not cause a lower 
temperature, as the maximum cooling occurs at a flow rate 
of 250 g/min. Anything above this amount only causes even 
more active cooling of the surroundings. Despite active cool-
ing, heat generation is still high enough to partially soften the 
material, resulting in the formation of BUE and BUL. Due to 

Fig. 10  Flank face of the cutting insert after turning at 250 m/min in dry cutting mode (a, b) and with LCO2 flow of 200 g/min (c, d)
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costs [64]. Furthermore, for precise cooling, it makes sense 
to position the supply nozzles so that the largest possible 
portion of the LCO2 flow is directed into the area of highest 
temperatures on the cutting insert, which are on the rake 
face, slightly away from the cutting edge [65, 66].

4  Conclusions

In this study, we compared the wear of TiAlN-coated cut-
ting inserts for turning of 42CrMo4 (AISI 4140) steel using 
various LCO2 flow rates. The wear rate depends both on the 
cutting parameters and the workpiece material; therefore, 
we selected parameters that enabled a comparison between 
various LCO2 flow rates, while ensuring the expected turn-
ing length was sufficient for the experiments. The experi-
ments were conducted using bar diameters that ensured 
reproducibility of the results. We found the following:

- The use of TiAlN coating increases tool life up to a 
factor of 9 at the cutting speed of 250 m/min and up to 
a factor of 10 at 300 m/min compared to the uncoated 
tool.
- The turning length strongly depends on the cutting 
parameters. At vc = 300  m/min, the turning length is 
reduced by 50% compared to vc = 250  m/min in dry 
cutting.
- Tool life depends on the LCO2 flow rate; at flow rates 
of 200–250 g/min, the tool life increases by up to 20% 
compared to dry cutting, while at higher LCO2 flow 
rates, it begins to decrease and at LCO2 flow rates above 
400 g/min, it is even shorter than when turning without 
LCO2.
- The temperature at the tip of the cutting insert increas-
es with wear. At higher cutting speeds, higher cutting 
temperatures are also reached. The temperature also de-
pends on the amount of LCO2 used, with temperatures 
decreasing up to a flow rate of 250  g/min LCO2, and 
then not changing significantly with further increasing 
of the LCO2 flow. Compared to dry turning, the LCO₂ 
flow reduced temperatures by up to 50%.
- Turning forces increase with tool wear. The passive 
and feed forces do not change noticeably with the sup-
ply of LCO2 to the cutting zone, regardless of the flow 
rate. In contrast, the cutting force increases with increas-
ing LCO₂ flow rate, by up to 25%. It is therefore sug-
gested to position the supply nozzles so that the largest 
possible proportion of the LCO2 flow is directed into the 
area of highest temperatures on the cutting insert.
- At the selected cutting parameters using LCO2, the 
main type of observed wear was crater wear on the rake 
face. The main wear mechanism on the flank face was 

At both cutting speeds, the adhered material (BUL) on 
the flank face has visible cracks (Fig. 10d). This suggests 
that when the layer of adhered material becomes thick 
enough, it peels off the surface, removing part of the coating 
and causing adhesion wear, as shown in Fig. 11. Grooves 
are also visible on the coating indicating the abrasion wear.

At higher LCO2 flow rates (300  g/min and above) a 
greater amount of adhered material was observed on the 
flank face than at lower LCO2 flow rates, indicating that 
the larger amount of LCO2 carried away more micro par-
ticles of the workpiece material at a time, and due to the 
LCO2 flow, the material was also deposited on the part of 
the flank face that was not in contact with the workpiece. 
Due to the higher cutting forces, there were also higher 
contact pressures which caused increased wear and faster 
material fatigue.

A higher LCO2 flow would enable even more intense heat 
removal, but due to the limited heat transfer rate, this heat 
would not be removed only from the tool or cutting zone, 
but from the workpiece material and the surroundings, since 
the cooling capacity of LCO2 per area unit is limited. Using 
the cutting parameters selected in this study, heat generation 
is larger than what can be removed by using LCO2 from the 
cutting area. The cooling effect with LCO2 would therefore 
probably increase with increasing ap and decreasing cut-
ting speeds, which is also consistent with our observations. 
At lower cutting speeds, we can cool the tool in the cut-
ting zone more effectively, without cooling the workpiece 
material, and thus prevent thermal softening, which results 
in lower cutting forces and lower wear. This can therefore 
be achieved by knowing the optimal cutting temperature 
and, above all, by using a precise cooling method, which 
LCO2 enables. In addition to increasing wear, using a too 
high flow of LCO2 also makes no sense from an economic 
point of view, as it also significantly affects the machining 

Fig. 11  Adhesive wear on the flank face of the cutting insert (vc = 250 m/
min, LCO2 flow rate = 400 g/min). In addition to the adhesion (work-
piece material), a part of the coating is also peeled off
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adhesion wear. Although we did not observe any chang-
es in wear mechanisms when using LCO2, it slows them 
down due to its cooling effect, or if the workpiece mate-
rial is cooled too much, it even accelerates them.
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