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Abstract
Improve machining processes from an environmental point of view is a hot topic currently. In this line, cryogenics  CO2 is 
presented as a solution to substitute conventional oil emulsions. However, to be applied industrially, it is needed to control 
 CO2 flow rate with the aim of reducing  CO2 consumption to reach what it is known as  ECO2-performance (economy + ecol-
ogy). Then, despite currently  CO2 cooling technique is used as external coolant, it is needed to improve its use—especially 
in milling processes—for achieving this goal. In line with this, in this paper is presented the use of  CO2 as tool internal 
coolant as a solution to optimize its use. For checking its suitability, a study based on computer fluid dynamics with a new 
cryogenic tool channels design and experimental tests were carried out for analyzing the differences between using  CO2 as 
internal and external coolant with the aim of improving the use of cryogenic gases during Inconel 718 milling processes. 
The results show that the use of  CO2 as internal coolant improves the current milling process not only from environmental 
point of view but also economic and technical, bringing  CO2 cryogenic technology closer to industrial milling conditions.

Keywords Internal  CO2 machining · CFD · Inconel 718 milling · Cryogenics · Eco-friendly machining

1 Introduction

Environmental consciousness is an aspect which industrial 
sector has to deal in order to obtain greener manufacturer 
processes. In this line, machining processes have been 
improved in order to reduce their footprints. In the case of 
milling, drilling or turning processes the key is presented 
by cutting fluids reduction. These cutting fluids are min-
eral/synthetic oil emulsions used commonly to assist the 
processes as coolants and/or lubricants with the aim of 
maintaining—even improving—surface integrity and tool 
life. However, its reduction implies a direct environmental 
advantage and in the recent years several alternatives have 
been analyzed to eliminate these conventional cutting fluids 
such as minimum quantity lubrication (MQL) and cryogenic 

cooling [1, 2]. In particular, the authors have carried out a 
life cycle assessment (LCA) in which the main lubricool-
ing alternatives were analyzed [3]. In Fig. 1 it is shown the 
results obtained.

Among these alternatives, MQL is the technique which 
reduces environmental impact drastically. However, a bal-
ance between environmental and technical matters have to 
be achieved. This issue takes relevance when the manufac-
tures deal with hard resistant super alloys (HRSA) such as 
nickel-based alloys [4]. This alloy presents high corrosion 
resistance, creep rupture resistance, good tensile, and fatigue 
resistance at high temperatures [5]. Thus, nickel alloys are 
one of the most HRSA used in aeronautical turbomachinery 
critical components. However, these mechanical benefits 
lead to very aggressive machining operations where the 
tool needs to be lubricated and cooled to face the mechani-
cal and thermal stresses [6]. Then, MQL is not enough to 
deal with these alloys due to cutting temperature needs to be 
controlled to avoid premature tool wear [7, 8].

On the other hand, cryogenic cooling controls cutting 
temperature. In this line, the use of liquid nitrogen  (LN2) as 
cutting fluid was studied extensively in the literature. Based 
on the previous LCA, this coolant is the next technique 
which presents lower environmental impact. Besides,  LN2 
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not only cools the cutting zone but also lubricates the tool-
chip interface [9, 10]. This performance causes improve-
ments in Ti6Al4V surface roughness between 18 and 21% 
[11, 12] and tool wear reduction until 40% [13, 14]. There-
fore,  LN2 is a suitable lubricoolant alternative which deals 
with environmental and technical issues. However,  LN2 
needs to be stored in liquid state at atmospheric pressure 
with – 198 °C. This implies that  LN2 is boiling continuously 
and causing gas leakages. Then, despite solving the main 
lubricooling performances, economic issues have to be taken 
into account in order to be applied industrially.

This disadvantage is solved by liquid carbon dioxide 
 (CO2). This cutting fluid is stored at room temperature in 
liquid state at 6 MPa and does not present any leakage. 
However, it does not present enough lubricant properties 
and needs to be combined with MQL to deal with HRSA 
[15]. This combination, known as CryoMQL, is a suitable 
alternative to deal with nickel-based alloys which reaches 
similar results in comparison with the use of conventional 
oil emulsions [16].

Although CryoMQL presents several advantages from the 
three points of view—environmental, technical and ecologi-
cal—it is needed to continue improving this technique until 
achieving a reliable  ECO2-performance, that is, an ecologic 
and economic performance. In this line, the authors stud-
ied the way of reducing  CO2 consumption in a previous 
research. The results showed that reducing the nozzle outlet 
diameter till 1.5 mm a balance between  CO2 consumption 
and its focus on the tool was achieved [17]. This progress 

is useful to be used in turning operations or external cryo-
genic  CO2 or CryoMQL, that is, using  CO2 externally to 
the tool. However, in milling processes the use of  CO2 as 
external coolant implies not only cooling the tool but also 
the workpiece and thus, harden it and aggravate the machin-
ing process.

Therefore, the novelty of this work steams from the idea 
of analyzing the differences between using  CO2 as inter-
nal and external coolant with the aim of improving the use 
of cryogenic gases during milling processes. For this,  CO2 
behavior on tool was studied through both computer fluid 
dynamic simulation (CFD) and milling experiments on the 
HRSA Inconel 718 widely used in aeronautical field. The 
results show that the use of  CO2 as internal coolant not only 
reduces tool temperature but also improves tool life and 
reduces cutting stresses during the milling processes.

2  Methodology

2.1  CFD Simulation

The CFD simulations were carried out with  Fluent® soft-
ware. The turbulence model selected was “K-ε Realiz-
able” model proposed by [18]. This turbulence model is a 
Navier–Stokes model based in two equations viscous vorti-
city model. This model presents considerable improvements 
in flow characteristics and avoids negative energy compo-
nents production. In particular, the two equations which 

Fig. 1  LCA summary obtained 
for different lubricooling tech-
niques [3]
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the model uses are: transport turbulence kinetic energy (K) 
shown in Eq. (1) and modified transport equation for kinetic 
energy dissipation rate (ε) shown in Eq. (2).

In the first equation, �
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where:

The CAD model used in each simulation is shown in 
Fig. 2.

In both cases a carbide tungsten cylinder of 12 mm was 
used as milling tool with the aim of improving computa-
tional costs. In the case of the use of  CO2 as external cool-
ant, the cylinder was solid. However, with the aim of rep-
resenting  CO2 behavior, a box was designed with the same 
thickness of the workpiece milled. In that box, one face was 
established as  CO2 inlet and the other ones as  CO2 outlets.

In the case of the use of  CO2 as internal coolant, the cyl-
inder had an internal tube where the  CO2 flows through the 
four outlets. It should be noted that the diameters and lengths 
of these channels are the same which were used in the real 
tool for experimental milling test. In particular, the diameter 
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values used on these tools were based on previous researches 
published by authors in [17]. The results obtained are shown 
in Fig. 3.

In this previous research, several outlet diameters where 
tested with the aim of achieving an optimal diameter which 
allows use  CO2 correctly. The minimal value in which liquid 
 CO2 was not transformed into dry ice was 0.5 mm. However, 
this value was not enough for using  CO2 as cutting fluid due 
to the low flow rate achieved. On the other hand, the value 
1.5 mm implied which could be used correctly with a correct 
flow rate to use  CO2 as coolant during machining processes.

Therefore, taking both values into account a new tool 
with internal channels was designed. This new design tool 
consists on providing them with an inlet diameter of 3 mm 
and four outlets of 0.5 mm. The number of outlets were 
established to have one outlet per cutting edge. The inlet 
diameter value was chosen with the aim of providing the 
outlets with enough  CO2 and avoiding the possibility of load 
losses. Then, the double of the optimal value was used. The 
outlet diameter values initially were established taking into 
account the hydraulic diameter needed to satisfy the optimal 
value (1.5 mm). However, this implied outlet diameters of 
0.375 mm and consequently, dry ice formation. Therefore, 
the value was increased until 0.5 mm which is the minimal 
value to avoid this phenomenon. Finally, the inlet value was 
not changed because it continued being 1.5 times the equiva-
lent hydraulic diameter of the outlets, enough to provide 
 CO2 to the optimal outlets and not increase its manufactur-
ing time. In Fig. 4 is shown a digital X-ray of the new tool 
manufactured to be used with  CO2 as internal coolant.

Boundary conditions were established taking into account 
the data obtained from empirical tests. In particular, for 
both simulations the cutting temperature was 550ºC which 
is the cutting temperature achieved when Inconel 718 is 
milled with dry conditions. For the estimation of this value, 
a thermographic camera Optris PI device working in the 
7.5–13 µm range was used. A value of spectral emissivity of 

Fig. 2  CAD model used for each simulation
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0.4 was assumed for Inconel 718 in the spectral band corre-
sponding to the camera sensor employed. In Fig. 5 is shown 
the result obtained during this previous test.

For inlets,  CO2 pressure was 15 bars, turbulent intensity 
of 5% with turbulent viscosity ratio of 10 and  CO2 tem-
perature of – 30 °C in the case of  CO2 internal coolant 
and – 78 °C in the case of  CO2 external one, respectively. 
The temperature differences are based on which in the first 
case,  CO2 flows through a pipe and the temperature value 
is obtained by pressure–temperature tables. However, in 
the second one, the CFD inlet coincide with the real nozzle 
outlet, that is, the  CO2 is expanded in that point, achieving 
– 78 °C.

For  CO2 outlets, the pressure was established as room 
pressure and the temperatures were – 78 °C in the case of 
 CO2 internal coolant simulation and room temperature in the 
case of  CO2 external coolant simulation. This difference, in 
the case of  CO2 internal coolant, is caused because the CFD 
outlet is the tool outlet channel. Therefore, in this stage, the 
 CO2 achieves – 78 °C due to liquid expansion. Nevertheless, 
in case of  CO2 external coolant, the outlets established in the 
CFD model are the stages in which  CO2 is dissipated in the 
environment, that is, when the gas achieves room conditions.

Regarding the pressure value used, it was based on the 
work pressure of the  CO2 control unit used  (BeCold® equip-
ment) which injects  CO2 with 15 bars. The decision of using 
pressure values instead of velocities in the CFD simulations 
was with the aim of providing a real value to obtain closer 
results to the reality. Then, this value was established for the 
inlets in both situations. Concerning outlets, in the case of 
internal coolant was established as room pressure. However, 
in the case of  CO2 external coolant, despite being the noz-
zle outlet, it was established as 15 bars. This is because in 
that stage, the pressure turns into velocity due to expansion 
phenomenon. Therefore, introducing this value in the CFD 
program can calculate accurately the velocity value in that 
stage in which also – 78 °C are achieved. However, this 
phenomenon in the case of  CO2 internal coolant is not pro-
duced as it can be observed above in Fig. 3. In this case, the 
 CO2 flow rate loses velocity quickly (diameter of 0.5 mm). 
Nevertheless, in the case of external one, the velocity is 
maintained before spreading it (diameter of 1.5 mm), what 
implies the validity of this assumption.

Fig. 3  CAD model used for 
each simulation [17]

Fig. 4  Digital tomography of the new tool design

Fig. 5  Result obtained with the IR thermographic camera
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Concerning thermal issues, in both cases were established 
a surface zone on the tool of 10 mm as cutting zone—which 
is the cutting axial depth used during experimental tests—
with a temperature of 550ºC. Thermal interaction between 
the cutting zone surface and the tool body were based on 
thermal conductivity using 85 w/mK as carbide tungsten 
conductivity coefficient.

However, the thermal interaction of  CO2 with the tool 
body for the internal coolant and with the cutting zone sur-
face for external coolant was different. In this case, con-
vection heat transfer was considered. In particular, the con-
vection coefficient was calculated basing on the specific 
absorption heat deduced by Pusavec et al. of 347 kJ/Kg and 
the flow rate used [19] combined with the convection equa-
tion shown in Eq. (4).

Based on this, the values were calculated and introduced 
in the CFD program piecewise-polynomial function in both 
cases. The values obtained are shown in Fig. 6.

Finally, the resolution algorithm selected to carry out 
iterations was SIMPLE algorithm (Semi-Implicit Method 
of Pressure Linked Equations) which is basically a “guess 
and correct” method for the pressure calculation.

2.2  Experimental Methodology

Regarding experimental tests, they were carried out in a 
Kondia A6 three axis machining centre. The material milled 

(4)
dQ

dt
= h ⋅ A ⋅

[

Ts − Tf
]

was Inconel 718 aged (45 HRc). This alloy is widely used by 
aeronautical turbomachinery manufacturers, characterized 
by combining high strength and high wear and corrosion 
resistance at high temperatures [20]. The chemical composi-
tion of Inconel used in these tests is summarized in Table 1.

Milling tools used were tungsten carbide finishing mills 
with 12 mm of diameter, four flutes and 45 degrees of 
helix angle. Cutting conditions were established taken into 
account industrial performances. In particular, 40 m/min of 
cutting speed, 0.03 mm/tooth of feed, 10 mm of axial depth 
and 0.3 mm of radial depth were used. The path followed 
by the tool was a tangential entrance of 15 mm of radius 
with 30% of the feed, followed by a straight machining with 
a length of 200 mm. In Fig. 7 is summed the experimental 
setup.

During the tests, cutting forces was recorded using a 
triaxial Kistler 9255 piezoelectric dynamometer and an 
 OROS® OR35 real-time multi-analyzer with a sample fre-
quency of 16,384 samples/s. Each test was carried out two 
times obtaining the average value for the cutting forces val-
ues. Tool wear was progressively measured by pausing the 
passes at different stages with a Nikon SMZ-2T microscope.

In this case, tool wear was measured in each edge. 
Afterwards, average values between them in each stage are 
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Fig. 6  Convection coefficients used

Table 1  Inconel 718 percentage 
composition of the tested piece 
(by certificate)

Ni Cr Co Fe Si Mo Ti Al B C Mn Si Others

52.7 18 0.33 18.1 0.06 3.03 1.06 0.58 0.004 0.047 0.23 0.06 0.799

Fig. 7  Experimental setup
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calculated. Finally, the tool wear average between the tests 
in the same stage was obtained. As test stop criteria, tests 
were stopped when one of the tool flanks achieved 0.2 mm 
of wear [21, 22].

3  Results and Discussion

In Fig. 8 the results obtained from CFD simulation are 
shown. In those results are observed the different behavior 
which  CO2 presents when it is used as internal or external 
coolant.

In the first one, the milling tool in the cutting zone pre-
sents a temperature of ≈ 225 °C which is reduced accord-
ing increase the distance of the cutting zone until reaching 
≈ 75 °C. On the other hand, when  CO2 is used as external 
coolant, tool temperature achieves ≈ 385 °C, but the cutting 
edge continue being subjected to the cutting temperature 
(550 °C). Then, the difference between injection methods 
supposes a qualitive improvement due to tool wear is directly 
related by tool temperature [22] and thus, reduce/control its 
value is important to achieve greater cutting speeds. Other 
issue to take into account is that the use of  CO2 as internal 
coolant implies that the tool is not subjected to the cutting 
temperature presented in the workpiece due to  CO2 cools 
the tool from the inside. This performance does not happen 
when  CO2 is used as external coolant. In this case, despite 
 CO2 cools the cutting zone, it does not achieve the interac-
tion zone between cutting edge and workpiece thoroughly.

These  CO2 behaviors are related with the results obtained 
in the experimental tests which are shown in Fig. 9.

In this figure, average tool wear evolution is shown as 
function of cutting length and cutting force modulus is 
shown in each significative tool wear stage, that is, when 
the tool is new, when tool wear reaches 0.1 mm and 0.2 mm, 
respectively.

Analysing tool wear, it should be noted that different 
evolution is presented by both cooling techniques. In the 
case of using  CO2 as external coolant, despite in the first 
400 mm presents lower rate wear than the internal one, 
the machined length reached was 1700 mm. Taking this 
value as reference, the use of  CO2 internally, the machined 
length increased ≈ 17%, achieving 2000 mm. This behav-
iour is due to the initially mechanical stresses prevail over 
thermal ones. Then, in the case of  CO2 internal coolant, 
there is not cutting fluid between the interface chip-tool. 
However, in the other case—when  CO2 is injected as 
external one—there is a  CO2 cushion in between the tool 
and chip interface which reduces mechanical stresses. This 
is the reason of obtaining initially lower rate wear for  CO2 
internal coolant. This initial effect was studied deeply by 
Klocke et al. with the “vapour bubble theory” [9]. Never-
theless, once this initial stage is crossed, thermal stresses 
takes relevance and the efficiency of using  CO2 as internal 
coolant makes the difference, reducing the wear rate of 
the tool, implying longer tools life which reduces not only 
tool expenses but also cutting tool changes in industrial 
environments.

On the other hand, the difference between cutting forces 
of both techniques presents similar values when tool is 
new and worn. This is because, as was aforementioned 
above, in these stages mechanical loads prevails over ther-
mal ones. However, when cutting tools are between those 
stages, thermal stresses have influence and it is where the 
cutting temperature control takes relevance. In this stage, 
the cutting force with internal  CO2 cooling presents a wear 
reduction of 25% in comparison with the use of  CO2 as 
external coolant what implies that the tool life increase 
till the values achieved.

Therefore, the use of  CO2 as internal coolant implies 
improvements which have to take into account in order to 
control precisely the cutting temperature which cross to 
the tool with the aim of achieving a suitable process which 

Fig. 8  CFD results
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Fig. 9  Experimental results
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both  CO2 savings and increases tool life when it is needed 
deal with HRSA such as Inconel 718.

4  Conclusions

In this work, numerical and experimental analyses were 
carried out for achieving an  ECO2 performance in heat 
resistant superalloys milling with the use of  CO2 as inter-
nal coolant with a new cryogenic tool channels design. For 
this, first the behavior of  CO2 on the tool when it is used 
as internal and external coolant were simulated by CFD, 
respectively. Afterwards, experimental tests were carried 
out to verify the consequences on the process when both 
techniques are used. The main conclusions obtained from 
the numerical and experimental tests are listed below:

• The use of  CO2 as internal coolant improves the current 
milling processes—in which  CO2 is used externally to 
the cutting tool—through the control of the cutting 
temperature which cross from the interaction zone of 
cutting edge/material to the tool.

• The reduction of the tool temperature in the cutting 
zone when  CO2 is used as internal coolant is reduced 
≈ 40% in comparison with the use of  CO2 as external 
coolant.

• The control of the tool temperature become in less 
cutting stresses when the tool is in the stable zone of 
its life. In particular, cutting forces were reduced 25% 
when Inconel 718 was milled.

• The lighter cutting stresses implies a tool life increase 
of 17% when  CO2 is used internally through the tool 
achieving 2000 mm of machined length

Therefore, the use of  CO2 as internal coolant implies a 
balance between technical, environmental and economic 
issues in order to deal with heat resistant super alloys due 
to the strict control of the temperature reduction which the 
tools must deal.
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