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AdvantEdge software as a novel measurement science approach, and prediction
models were developed to evaluate cutting forces and cutting temperatures in
machining of AA2024-T351 alloy under dry, liquid nitrogen (LN2), and carbon
dioxide (CO2) conditions. Initially, a 3D turning model was established and
validated against experimental results. The simulation outcomes showed close
agreement with experimental data, with a minimum deviation of 0.67 (5.7%)
for cutting forces and 4.58 (6.16%) for cutting temperature. Thus, it is notewor-
thy that the 3D FE model is efficient and effective for predicting measurement
results with minimal error.
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Abstract

Aluminium alloys are widely used in modern engineering applications such as
automobile and aerospace industries because of their favorable characteristics.
However, the machining of aluminium alloys is considered difficult due to their
sticky and soft nature, low thermal conductivity, strain hardening effects, and
other factors. While cooling conditions employed at the cutting zone can im-
prove machining performance, they require significant resources, material con-
sumption, and skilled labor for experimental implementation. Therefore, sim-
ulation of process parameters using Finite Element Modelling (FEM) during
machining has become a highly researched topic. In this work, a novel approach
from measurement science—FEM simulation—was performed with AdvantEdge
software, and prediction models were developed for evaluating cutting forces
and cutting temperature while machining AA2024-T351 alloy under dry, liquid
nitrogen (LN2), and carbon dioxide (CO2) conditions. Initially, a 3D turning
model was developed and the results were compared with experimental find-
ings. The simulation results showed very close agreement with experimental
data, with minimum standard values of 0.67 (5.7%) for cutting forces and 4.58
(6.16%) for cutting temperature. Thus, it is worthy to mention that the 3D FE
model is efficient and effective for predicting measurement results with minimal
error.

1. Introduction
Aluminum is one of the most used materials in engineering after steel and cast
iron [?]. In particular, Al-Cu alloys are increasingly employed in aircraft and
automotive industries due to their low density (2.7 gm/cm3), higher strength
(18–26 kg/mm2) compared to other Al alloys, and heat treatment applicability
[?, ?]. In general, metal materials are not used in their natural state as they have
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low mechanical properties (hardness, rupture strength, wear resistance, etc.) in
their pure form, such as pure aluminum.

Various methods are applied to improve the mechanical properties of materials,
with alloying and heat treatment being common approaches [?]. AA2024-T351
is produced by adding alloying elements to pure aluminum and then tempering
via the T351 process, which means solution heat-treated and stress-relieved with
a controlled amount of stretching [?].

In addition to the positive aspects of enhanced mechanical properties, there
are also negative consequences. Mechanical properties directly affect material
shaping processes (machining, cutting, bending, etc.) [?]. Material shaping
by chip removal (turning, milling, drilling, etc.) represents a significant por-
tion of the manufacturing industry [?]. Machinability is of great importance
regarding cutting tools, cutting forces, and surface roughness [?]. Recent stud-
ies have categorized materials as either easy to machine or difficult to cut [?].
The machinability of a material depends directly on its mechanical properties
(flow stress, rupture strength, hardness, etc.) and cutting parameters. Materi-
als with high mechanical properties (e.g., high hardness) are difficult to process,
while those with lower properties may be easier to machine. Processing mate-
rials with high mechanical properties may generate higher cutting forces and
consequently higher temperatures [?]. Although machining materials with low
mechanical properties might seem problem-free regarding cutting forces and tool
wear, some materials can cause issues such as chip adhesion on the cutting in-
sert and deterioration of surface quality. Especially in machining aluminum
alloys under dry cutting conditions, negative effects such as deterioration of the
machined surface due to Built-up-Edge (BUE) formation and increased cutting
forces are frequently observed [?]. Apart from material properties, improperly
selected cutting parameters (cutting speed, feed, depth of cut, etc.) can also
cause negative effects such as increased cutting forces, reduced tool life, and
poor surface roughness [?, ?]. For these reasons, cryogenic cooling processes are
needed to avoid these negativities in machining aluminum alloys [?, ?]. In cryo-
genic cooling, materials are cooled to very low temperatures (around -196°C) to
achieve desired metallurgical and microstructural properties [?, ?].

Temperature reduction is possible by feeding the system with controlled liquid
nitrogen (N2) or CO2 and using suitable insulation materials [?, ?]. Important
studies on cryogenic cooling in machining various alloys are summarized below.

Chetan et al. [?] analyzed the tribological performance of Ti6Al4V alloy under
wet and cryogenic cooling conditions, concluding that cryogenic cooling is supe-
rior to wet conditions based on tool wear, carbon emissions, and machining cost.
Ding and Hong [?] studied cryogenic machining of AISI1008 steel, considering
tool wear, temperature, and surface quality, finding cryogenic processing supe-
rior for better surface quality and reduced tool temperature and wear. Sivaiah
and Chakradhar [?] examined the machinability of 17-4 PH stainless steel with
coated carbide tools under cryogenic conditions, indicating that cryogenic cool-
ing successfully decreases cutting zone temperature and can be recommended for
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difficult-to-cut materials. Jebaraj et al. [?] compared LN2 and CO2 coolants in
cryogenic machining of AISI L6 steel using TiAlN coated carbide tools, suggest-
ing CO2 coolants are better for surface quality while LN2 is superior regarding
cutting forces. Khanna et al. [?] associated dry, flood, MQL, and cryogenic
cooling conditions in machining stainless steel with carbide inserts, revealing
that cryogenic cooling is superior to MQL in terms of surface quality, energy
consumption, and tool wear. Outerio et al. [?] researched surface integrity in
turning AZ31B-O magnesium alloy under dry and cryogenic conditions, showing
cryogenic cooling is better than dry conditions based on cutting forces. Kay-
nak [?] evaluated machinability of Inconel718 under dry, MQL, and cryogenic
conditions, finding cryogenic the best for tool wear and cutting zone temper-
ature, while MQL was best for surface quality. Eapen et al. [?] studied dry
and cryogenic machining of AA6063 aluminum alloy, concluding that cryogenic
conditions are more suitable than dry conditions for higher surface quality.

As mentioned above, these experimental studies are costly, wasteful of materials,
and not eco-friendly. Therefore, numerical methods have been suggested for the
research field, with the finite element method being the most widely used in
machining processes. The finite element (FE) method is a popular and effective
approach for solving complicated problems in various engineering applications
[?]. Complex engineering problems involve complex solutions that can distract
from solution sensitivity. The finite element method can solve complex problems
in the shortest way with results closest to the correct solution. Main finite
element software used in the machining industry includes DEFORM 3D, LS-
Dyna, ABAQUS, and Thirdwave AdvantEdge. Several critical studies on FE
machining of aluminum alloys are summarized below.

Li et al. [?] verified a finite element model of high-speed machining with AA6061-
T6 aluminum alloy, confirming the Johnson-Cook model parameters previously
determined experimentally under high strain rates. Mali et al. [?] validated
simulated cutting forces with experimental results by performing dry turning of
AA7075 aluminum alloys, also comparing and confirming tool wear, chip behav-
ior, and stresses on cutting inserts from the FE model. Lima et al. [?] compared
cutting temperatures between FE and experimental results in milling AISI D2
steel using thermocouple methods, finally verifying the FE model experimen-
tally. Baraheni et al. [?] developed a FE model for ultrasonic drilling of 7075
aluminum alloy, verifying it through experimental drilling tests with higher than
80% accuracy. Khajehzadeh et al. [?] compared experimental and FE results
for ultrasonic turning of AISI 4140 steel, verifying FE thrust forces and residual
stress via experimental drilling tests with 91% and 87% accuracy, respectively.
Huang et al. [?] created a FE model for high-speed milling of aluminum 7075
alloy and confirmed the model with experimental milling processes under the
same conditions with high accuracy.

It is evident that studies on FE machining based on cryogenic cooling conditions
for AA2024-T351 alloy are very limited in the literature. Although this alloy is
highly used in aerospace applications, work on simulation under different cooling
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conditions remains quite limited. Therefore, the purpose of this research is to
develop a FE model based on dry and LN2/CO2 cryogenic turning and evaluate
machinability performance in terms of cutting forces and cutting temperature
for AA2024-T351 alloy. Moreover, the main aim is to contribute to solving im-
portant problems mentioned in related manufacturing research. It is observed
that differences exist in cooling techniques used between scientific research and
manufacturing. In this regard, the results of this study are intended to be di-
rectly applicable to both manufacturing and scientific research. Initially, the
3D cryogenic model was developed with FEM practice and responses were pre-
dicted. Then, comparison was made with experimental results. The complete
analysis of this work is shown in the following sections.

2. Formulation of 3D Cryogenic Assisted Johnson-Cook
Turning Model
2.1. Introduction of FE Model

One of the most widely used solutions in recent years is finite element analysis,
which divides complicated systems into particles, transforms them into ideal-
ized structures, and solves them mathematically [?]. For derivatives of finite
elements, which are subcomponents of approximation functions, the finite ele-
ment approach follows specific procedures [?]. The numerical solution procedure
for parameters at specific points is defined as the nodes of each element and is
applied to compute finite solutions when determining the solution for the entire
geometry [?]. Finite element analysis (FEA) is considered an effective method
for solving problems that are difficult or impossible to solve analytically [?]. The
initial stage in finite element analysis is to discretize the geometry, after which
the geometry is split into finite elements. The Arbitrary Lagrangian-Eulerian
(ALE) mesh does not fix points on the geometry surface to the material or to
a specific region; instead, it is based on arbitrary movement of points, mak-
ing material flow point-independent. Compared to other mesh topologies, ALE
produces better outcomes [?]. ALE network algorithms are used in multiple soft-
ware packages to solve metal cutting problems, including ABAQUS, DEFORM,
Third Wave AdvantEdge, and ANSYS LS-DYNA, from which users obtain very
good results. The re-meshing technique employed in several software packages
helps further reduce errors in the analysis [?].

Tetrahedral meshes used in this FE study are utilized in various applications,
including fracture analysis, haptics, solid modeling, surgical simulations, and
modeling of biological tissue such as brain, knee, and adipose tissue, as well
as machining simulations. To analyze chip formation using the finite element
method in machining operations, certain boundary conditions need to be defined
[?]. The entered boundary conditions play an active role in defining limits and
loading conditions to solve the problem. It is feasible to simulate chip forma-
tion by selecting the right modeling approach, establishing boundary conditions,

chinarxiv.org/items/chinaxiv-202405.00033 Machine Translation

https://chinarxiv.org/items/chinaxiv-202405.00033


calculating material deformation rate, and understanding how the workpiece ma-
terial will react during plastic deformation [?]. The strain rate and heat effects
of the constitutive equations must be set to define the model’s dynamic behavior
[?]. In metallic materials, stress, strain, and strain rate vary with temperature
[?]. One of the most important models considering strain and heat effects in
metallic materials is the Johnson-Cook (JC) constitutive model [?]. Moreover, it
is possible to create material models such as rigid-plastic, elastic-plastic, thermo-
elastoplastic, and thermo-viscoplastic using these models [?]. The Johnson-Cook
constitutive model employed by Third Wave AdvantEdge [?] can be seen in Eq.
(1).

𝜎0 = (A + B(��)𝑛) �1 + Cln 1 (cid:0) T (cid:0) Tr Tm (cid:0) Tr

In Eq. (1), 𝜎0, ��, ˙��, ˙�0, T, Tm, and Tr represent flow stress, plastic deforma-
tion, deformation rate, reference plastic deformation rate, workpiece tempera-
ture, workpiece melting temperature, and room temperature, respectively. The
coefficients A, B, C, n, and m represent yield strength in MPa, hardness modu-
lus in MPa, strain rate sensitivity coefficient, hardness coefficient, and thermal
softening coefficient, respectively [?]. Additionally, a damage model is needed
for chip separation. For equivalent fracture strain, the JC damage model [?] is
used as seen in Eq. (2).

D1 + D2exp(D3 1 + D4ln 1 + D5 T (cid:0) Tr Tm (cid:0) Tr

Here, stress triaxiality is represented by P/𝜎, where P refers to hydrostatic
pressure, which is the mean of three-dimensional normal stresses. �f denotes
the fracture strain experienced at chip separation, which is part of dynamic
metal cutting processes. In addition, D1, D2, D3, D4, and D5 are constants
for initial failure strain, exponential factor, triaxial factor, strain rate factor,
and temperature factor, respectively. The general geometric structure for finite
element analysis with Third Wave AdvantEdge is presented in Fig. 1 [Figure
1: see original paper]. The 3D nose turning method shown was preferred for
the turning process. Fig. 1 illustrates the overall geometric framework for finite
element analysis using Third Wave AdvantEdge.

2.2. Workpiece and Cooling Condition Details

The appropriate transfer of the material model to the software is critical for
successful numerical analysis of machining. For this reason, correct determi-
nation of material properties and their adaptation as inputs reflects modeling
success. In the present study, AA2024-T351 workpiece material with dimen-
sions of 1$×1×$3 mm was used for finite element analysis. The JC parameters
are shown in Table 1 , fracture constants in Table 2 , chemical composition in
Table 3 , and mechanical and thermal properties of AA2024-T351 alloy in Table
4 .

As illustrated in Fig. 2 [Figure 2: see original paper], the cutting tool was a
CVD coated TiC-Al2O3-TiN carbide insert (each presumed to be 1 �m thickness

chinarxiv.org/items/chinaxiv-202405.00033 Machine Translation

https://chinarxiv.org/items/chinaxiv-202405.00033


[?]) with an ISO designation of CNMG 120408. Table 5 lists the characteristics
of the utilized carbide cutting insert.

Cryogenic basically refers to very low temperatures [?]. Although several as-
sumptions exist, the temperature that separates cryogenic from ordinary cooling
is usually regarded as -150°C. Based on this assumption, cryogens with boiling
temperatures above -150°C, used in local cooling such as air conditioning and
freezers, are classified as conventional coolers, whereas cryogens with boiling
temperatures below -150°C, such as hydrogen, CO2, and LN2, are classified as
non-conventional coolers. When studying systems operating at cryogenic tem-
peratures, it is important to remember that materials’thermal characteristics
fluctuate with temperature. For heat transfer calculations at cryogenic temper-
atures, specific heat, thermal conductivity, and notably heat transfer coefficient
values for gases and liquids are significant thermal characteristics. Eq. (3) gives
the formula for calculating heat transfer per unit time (Q) [?].

Q = Cv × m × (dT/dt)

Here, Cv, m, and dT/dt represent specific heat, mass, and cooling rate (T2-
T1)/(t2-t1), respectively. By substituting “m = A×𝛿×�”in Eq. (4):

Q = Cv × A × 𝛿 × � × (dT/dt)

The heat flux density“q”can be obtained from“Q/A”. Therefore, as a result
of Newton’s heat transfer rules, Eq. (3) takes the form of Eq. (5):

q = � × Cv × 𝛿 × (dT/dt)

In Eq. (6), “h”represents the heat transfer coefficient in W/m2K, and Tw and
Tf indicate the surface temperature and cryogen temperature of LN2 (-196.5°C)
and CO2 (-78.5°C), respectively. Additionally, as illustrated in Fig. 3 [Figure 3:
see original paper], the heat transfer coefficients for LN2 and CO2 were inputted
as 309 W/m2K and 165 W/m2K [?].

2.3. Meshing Details

The mesh structure used in finite element analysis has a significant impact on
final findings [?]. The basic objective is to create a mesh structure that ac-
curately reflects the geometry. The density of finite elements is an important
metric for determining study correctness, and accuracy is also influenced by el-
ement type and morphology. Assuming no singularity area exists in the model,
greater mesh density provides highly precise results. However, extremely dense
element meshes require large amounts of computer memory and lengthy exe-
cution times, especially prevalent in nonlinear and transitional analysis with
many recurring circumstances. One method for evaluating finite element mesh
quality is comparing results to test data or theoretical values, though these
are typically unavailable in early research stages. Consequently, new tools for
evaluating mesh quality are necessary, with mesh sensitivity analysis being the
most significant. In this paper, mesh sensitivity analysis using the re-meshing
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approach provided in Table 6 was used to reduce the minimum element size for
the workpiece and cutting tool to 0.15 mm. The software ran on a machine
with 16 GB RAM, 6 GB client cache, and a CPU speed of 2.4 GHz. To solve
FE analysis faster, all 8 cores were employed for parallel processing. Initially,
element sizes of 1, 0.5, and 0.25 mm were utilized, yielding cutting forces of
105.7, 95.9, and 87.2 N, respectively, with computation times of 0.6, 1.3, and
3.8 hours. Due to greater changes in cutting forces relative to small computation
time differences, the element size was reduced. Subsequently, element size was
gradually decreased to 0.1 mm. Although the difference in cutting force became
negligible, calculation time increased by approximately 84%. As a result, the
element size was set to 0.15 mm for basic test simulation with a computing time
of 6.1 hours, as shown in Table 6.

2.4. Friction Model Details

The Coulomb friction model can provide accurate results on the tool flank face
in FE simulations of the turning process [?]. In the present investigation of
orthogonal turning, the average friction coefficient (�) between tool and chip
was assumed as 0.45. Fig. 4 [Figure 4: see original paper] depicts the standard
flow chart for FE simulations.

3. Results and Discussions
In this simulation study, 3D turning was analyzed and a new finite element
model was developed with Thirdwave AdvantEdge software using the process
parameters and boundary conditions detailed above. Simulation results are
presented below.

3.1. Analysis of Predicted Cutting Forces

Determination of cutting forces is very important for machine tool design. Cut-
ting parameters, workpiece material, cutting tool properties, and cutting envi-
ronment are the most basic factors that significantly affect cutting force values
[?]. Moreover, cutting forces are helpful for estimating cutting power, surface
roughness, and tool wear values. Therefore, minimum cutting forces are re-
quired in all machining operations to obtain sound machining characteristics.
Finite element analysis results of cutting forces and their influences are pre-
sented graphically in Fig. 5 [Figure 5: see original paper].

In general, FEM-obtained cutting force variations tended to be similar for all
cutting media and increased with increasing feed rate. This result can be as-
sociated with increased contact area at the tool-chip interface and removal of
more material per unit time, as stated in Refs. [?, ?]. It is also thought that
increasing friction in the feed direction contributes to cutting force increases
[?]. However, lower cutting forces in LN2 and CO2 environments can be ex-
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plained by decreased negative effects of friction in the second deformation zone.
Thanks to the cooling and lubricating effects of LN2 and CO2 gases, minimum
BUE and sticking zones resulted in lower cutting forces. On the other hand,
contrary to expectations, cutting forces increased with increasing cutting speed
in FEM simulations. This can be explained by metallurgical changes occurring
with thermo-mechanical effects during material deformation. Increased heat
during deformation can cause both strain hardening and softening effects in the
workpiece. When the shear rate is not high enough to cause thermal soften-
ing, the strain hardening effect exceeds the softening effect, leading to increased
material strength and consequently increased shear forces. Similar observations
were made by Hou et al. [?] and Shi et al. [?]. Moreover, Paresi et al. [?] proved
that the strength of AA2024-T351 material increased due to strain hardening
up to 200°C at high deformation rates.

From Fig. 5, the minimum cutting forces were determined under LN2 cooling,
followed by CO2 and dry environments. Liquid nitrogen cooling reduces forces
up to 5.05% and carbon dioxide reduces forces up to 1.58% compared with dry
machining. This may be attributed to the fact that low cutting temperatures
under liquid nitrogen cooling improve cutting tool hardness with lower tool wear,
resulting in less adhesion at the tool-chip interface [?]. Another factor is that
liquid nitrogen’s boiling temperature is significantly lower than carbon dioxide’
s, preventing workpiece and tool material from overheating [?]. Additionally,
liquid nitrogen absorbs heat very quickly and provides good lubrication at the
cutting zone [?].

3.2. Analysis of Predicted Cutting Temperature

To examine machining performance, it is very important to determine temper-
ature at the cutting zone during machining operations. Aluminum is as soft as
titanium alloy but has low thermal conductivity [?], resulting in higher cutting
temperatures at the cutting zone. The poor thermal conductivity of Al alloys
means that only 20% of generated heat is removed from the machining area [?].
Fig. 5 also demonstrates FEM results of cutting temperature while machining
aluminum alloy under different cooling conditions. During machining of soft
materials like aluminum alloys, heat is not evacuated from the cutting zone,
causing built-up edge formation to accelerate with increasing cutting speed [?].
Similarly, feed rate is a dominant factor affecting cutting temperature values,
and when feed rate increases, cutting temperature also increases up to 10%.
This can be attributed to greater feed promoting energy in the system and
producing more friction between the machined workpiece material and cutting
insert, supporting literature findings [?, ?].

On the other hand, cutting temperature values are lower with carbon dioxide
cooling because when CO2 is transferred to the tool-chip contact area, the cryo-
genic liquid absorbs heat and dissipates quickly from the region, which is the
main factor in further lowering cutting temperature. Therefore, temperature
drops under CO2 conditions were observed from 11% and 26% respectively com-
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pared with LN2 and dry environments. This also evidences that CO2 cooling
efficiency decreases at elevated cutting speeds and feed rates. Moreover, appli-
cation of both cryogenic cooling conditions helps break chips into small pieces.
With this phenomenon, chip rubbing against the cutting tool is reduced, gener-
ating less friction at the tool-chip interface as mentioned by Danish et al. [?].
Hence, temperature is reduced compared with dry machining. The complete
mechanism of chip breakage is also shown in Fig. 6 [Figure 6: see original
paper].

3.3. Verification of FE by Turning Experiments

3.3.1. Experimental Procedure for Verification The simulation was car-
ried out under the same experimental test conditions. Machining of commer-
cially available AA2024-T351 alloy was performed using CVD TiCn-Al2O3-TiN
coated carbide cutting tools with ISO designation CNMG 120408. The work-
piece had a diameter of 30 mm and length of 100 mm. To reduce work hardening
effects, the first 0.5 mm layer was removed. The tool had a 0.8 mm nose radius
and a side cutting edge angle (principal cutting angle) of 90°. Actual tests were
carried out under the same conditions as FE simulations using a CNC lathe
machine. Table 7 lists the machine tool and cryogenic cooling system charac-
teristics. Process parameter levels were chosen using a tool manufacturer’s
handbook and preliminary tests. The experimental design is shown in Annex-
ure 1. During experiments, a depth of cut of 0.5 mm was used and machining
time of 60 s was considered.

Table 8 lists the cutting parameters in detail. Cutting temperature and cut-
ting forces were measured using a Fluke thermal camera and Kistler 9257A
dynamometer. The thermal camera was positioned at the rake face to mea-
sure temperature from the main cutting zone or primary shear zone. During
temperature measurements with the thermal camera, the main problem is usu-
ally measuring temperature on the outer plane of the flowing chip, whereas the
FEM model evaluates direct temperature in the cutting zone. Thus, comparing
temperatures measured in distinct zones is difficult. To address this, tempera-
tures were initially measured and calibrated with simulation results, and overall
cutting temperature values during machining experiments were considered for
comparison. All measurements were taken five times and average values were
used for analysis. Measurements were performed online and Dynoware software
was used to transfer cutting force data to computer. Fig. 7 [Figure 7: see
original paper] depicts the study’s overall flow diagram.

3.3.2. Analysis of Results The experimental, simulation, and deviation
results are shown in Figs. 8 and 9. From Fig. 8 [Figure 8: see original paper] (a)–
(c), Fc values obtained with FEM are relatively larger than experimental data
when the feed rate is 0.2 mm/rev. This can be explained by pressure formed
in the second deformation zone as feed increases. Segmented chip formation [?]
increases with feed, raising pressure created by friction at the tool-chip interface
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and thus increasing cutting forces. When experimental and numerical results are
examined, the cutting medium offering the lowest cutting forces is LN2 cooling,
followed by CO2 and dry environments. The lowest cutting force was found
at 0.1 mm/rev feed, 100 m/min cutting speed, and LN2 cutting environment.
Compared to dry cutting, an average of 8.8% less cutting force was obtained in
LN2 assisted machining and 4.4% less in CO2 assisted machining. Additionally,
experiment run #4 (cutting speed of 150 m/min, feed rate of 0.20 mm/rev, dry
conditions) shown in Fig. 8(c) provides the minimum standard deviation value
of 0.67 and average deviation of 5.71. Therefore, it is worthy to mention that
the simulation model developed for cutting forces is very close to experimental
values. Hence, the developed model is suitable for predicting cutting forces
under specified cutting conditions.

Similarly, experimental, simulation, and standard deviation values of cutting
temperature are shown in Fig. 9 [Figure 9: see original paper] (a)–(c). Cutting
temperatures obtained in experimental and FEM simulation remain within the
temperature threshold mentioned in the literature. When compared across cut-
ting media, the highest increase in cutting temperature with increasing cutting
speed is 22°C in LN2 and CO2 cutting environments. When cutting tempera-
tures are compared experimentally and numerically, the smallest temperature
value was obtained in the CO2 environment at the lowest feed and cutting
speed. In light of all evaluations, average deviations of 5.7% and 6.16% between
experimental and cutting simulations for cutting force and cutting temperature,
respectively, indicate the suitability of the JC material model, coefficient of
friction, and FEM simulations. In literature, most FE machining studies con-
sider deviation less than about 10% as acceptable between finite element model
results and experimental validation [?, ?]. Additionally, experiment run #11
(cutting speed of 100 m/min, feed rate of 0.20 mm/rev, CO2 cooling conditions)
shown in Fig. 9(c) provides the minimum standard deviation value of 4.58 and
average deviation of 6.16. Therefore, it is worthy to mention that the simulation
model developed for cutting temperature is very close to experimental values.
Hence, the developed model is suitable for predicting cutting temperature under
specified cutting conditions.

3.3.3. Discussion and Comparison of Results During comparison of
FEM and experimental results, development of the friction model and meshing
accuracy plays an important role. Apart from these, selection of Johnson-Cook
parameters that specifically match material properties is highly important for
obtaining accurate results. However, the mechanical features, microstructure,
and other characteristics of the workpiece material employed in this study may
differ from those reported in literature for the same material [?]. The strength
of interatomic connections is primarily responsible for mechanical qualities, and
the material’s microstructure has a major impact. Different mechanical prop-
erties such as tensile strength, compressive strength, hardness, and toughness
of the same material can be achieved by modifying the microstructure [?]. Ad-
ditionally, the same material can have different tensile strength values, which
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is why researchers consider the average of 4-5 tensile strength values from the
same test situation [?, ?]. Moreover, precipitation hardening properties play an
active role in differentiating the texture of same materials. Material strength
increases because particles separate from the main phase [?]. This process is
mostly used to increase strength of non-ferrous materials such as Ti, Al, and
Mg [?]. The prevention of displacement movement of precipitates created by
supersaturated melts is the major explanation for enhanced strength with pre-
cipitation hardening.

However, compatible material in finite element software can behave similarly us-
ing certain parameters such as JC inputs, constants, tensile parameters, Young’
s modulus, etc. No special conditions can be defined for material structure in
certain software. Therefore, a mean deviation of 5-6% can be due to these fac-
tors. It was emphasized by [?] that deviation can be caused by less accurate
engagement and friction models. Similar findings were reported by Korkmaz et
al. [?], with researchers attributing inconsistency to both structure and hard-
ness of the workpiece material. Additional reasons include the depth of cut
being less than the radius of the cutting edge, which FE software cannot model.
Under cryogenic conditions, the heat transfer coefficient is assumed constant.
Since cutting and cooling is a thermodynamic process, it should be modeled
dynamically [?] or as a function of temperature [?]. However, solving a simple
FE simulation under cryogenic conditions can be very time-consuming, which
is why heat transfer coefficients are kept constant.

4. Conclusions
This study focuses on the AA2024-T351 turning process under LN2/CO2 cool-
ing and uses FEM to model this process. The purpose is to analyze the extent
to which widely adopted LN2/CO2 cooling technology performs its intended
function to meet requirements for sustainable processing. Additionally, based
on FEM data, this study aims to validate the FEM simulation through experi-
mental turning processes. The main results can be summarized as follows:

• Liquid nitrogen cooling lowers cutting forces up to 5.05% and carbon
dioxide cooling reduces cutting forces up to 1.58% compared with dry
conditions.

• When CO2 is injected into the tool-chip contact region, it absorbs heat
and evaporates rapidly from the area, causing cutting temperature to drop.
CO2 produces the lowest cutting temperature compared to LN2 and dry
environments by 11% and 26%, respectively. This evidences that CO2
cooling efficiency decreases at elevated cutting speeds and feed rates.

• The lowest cutting force was found at 0.1 mm/rev feed, 100 m/min cutting
speed, and LN2 cutting environment. Compared to dry cutting, an average
of 8.8% less cutting force was obtained in LN2 assisted machining and 4.4%
less in CO2 assisted machining.
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• The highest increase in cutting temperature with increasing cutting speed
is 22°C in LN2 and CO2 cutting environments. When cutting tempera-
tures are compared experimentally and numerically, the smallest temper-
ature value was obtained in the CO2 environment at the lowest feed and
cutting speed.

• In light of all evaluations, average deviations of 5.7% and 6.16% between
experimental and cutting simulations were observed, indicating the suit-
ability of the JC material model, coefficient of friction, and FEM simula-
tions.
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