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Abstract
The overall quality of a component, its mechanical performance and reliability during all its life cycle
depends on several characteristics. The choice of the material plays an important role in satisfying the
requirements and usually it makes the difference between failed and not failed products, however another
signi�cant impact in the material performances is characterised by the manufacturing process.
Nowadays, the numerical simulation represents an important tool to quickly predict several scenario
depending on process parameters changes leading to a more �exible manufacturing process and time-
cost saving due to the reduced experimental tests. This work presents an innovative Finite Element Model
(FEM) of high-speed turning of one of the most used aluminium alloys in aerospace �eld, namely the
AA7075-T6. The developed simulation tool allowed to better investigate the metallurgical phenomena
triggered by the vary process parameters tested and the cooling conditions used during the machining
tests. A physics-based model to simulate the material behaviour has been developed and implemented
via subroutine within the FEM software. The predictive capability of the model has been validated
through experimental and numerical comparison of cutting forces, maximum temperature and the grain
size changes.

1. Introduction
Dictating the functional performance and service- life of a component, surface integrity plays a key role in
the current industrial market since product quality competes with cost reduction and it is critical to
achieve by current technologies [1]. One of the most relevant industrial examples is the aircraft industry
where surface integrity of components is of undeniable interest being the driving force of a reliable, safe,
and suitable component. As one of the most used process, machining is drawing attention as the
�nishing process able to manufacture components complying with such required standards. In fact, as
the product requirements become more demanding, post operations able to correct and improve the �nal
machined surface characteristics are needed since not enough knowledge on how to properly modify the
�nishing process to obtain the desired product performance are available. It is necessary to study the
mechanics of the process coupled with the physics driving product changes and surface integrity
variations in order to accurately tune it by modifying the process characteristics. Thus, accurate models
capable of describing such phenomena need to be de�ned in order to obtain useful information on how
to improve the selected machining process manufacturing reliable products increasing the knowledge-
driven manufacturing process planning, as well as better prediction of the component’s lifetime [2].
Simpli�ed models based on empirical formulations describing materials characteristics and behaviour
during machining are not useful to explain the real materials constitutive law even though simpli�ed
models are applicable into a certain constraint [3–5]. Therefore, an accurate physics-based model is
presented herein to describe the microstructural and integrity evolution of AA7075 aluminium alloy
machined under dry and cryogenic conditions. The FEM allows to investigate the metallurgical
phenomena that are taking place during the process and being able to predict the material’s changes
during the process.
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Thus, it is possible to properly set up the process in order to modify it according to the desired product
quality characteristics tremendously reducing the required time and efforts related to expensive process
experimental campaign. Furthermore, the design of the implemented model can give detailed explanation
on how each considered factor will contribute to the overall material’s changes answering to questions
which are not possible to resolve analysing the experimental results.

2. Material
The material investigated in this study was the aluminium alloy AA7075-T6 (wrought condition) provided
as cylindrical bars (100mm diameter and 360mm length). The high-speed machining (HSM) tests, in
particular turning operation, were conducted on a CNC lathe machine (Mazak Quick Turn II) and two
manufacturing conditions i.e. dry and cryogenic were investigated. The machining parameters such as
cutting speed and feed rate, were varied on three (1000 m/min, 1250 m/min and 1500 m/min) and two
levels (0.1 mm/rev and 0.3 mm/rev) respectively, while the depth of cut was kept constant and equal to 2
mm. The parameters were de�ned according to the Sandvik guideline for machining aluminium and its
alloy. The model of the tool holder was SSDCL 2020K 09 and the tool was SCMW 09 T3 04 H13A, both
provided by Sandvik Coromant©. The thermal �eld within the cutting zone and the cutting forces were
acquired through an infrared (IR) camera and a piezoelectric dynamometer respectively. Detailed
information about the experimental activities and the set up used are reported in [6].

3. Physics Based Constitutive Model
The constitutive law considered to simulate the material behaviour during machining processes was
developed taking into account the experimental observation of Ma et al. 2014, Dixit et al. 2008 and Zhao
et al. 2004 [7–9]. When a physics based model is considered, the comprehensive understanding of the
material characteristics and all the physics variables that can contribute to describe the mechanical
strengthening phenomena are fundamentals. Taking into account the aluminium alloy 7xxx series, the
elements Zn, Mg and Cu form precipitates of various ternary and quaternary compositions following
solution heat treatment and aging. The strengthening effects of these precipitates depend on their size,
spacing and distribution. Other mechanisms like grain boundary strengthening, solid solution
strengthening and strengthening due to work hardening contribute to increase the strength [8]. Therefore,
regarding the aluminium alloy AA7075-T6, the aforementioned mechanisms strengthening were taken
into account during the formulation of the physically-based material behaviour model. As stated by
Kocks 1966 [10] and subsequently from many other researchers [11–14] the yield strength can be
reasonably assumed as a linear additivity of the different strengthening contributions previously
mentioned (Eq. 1).

σ = σth + σdis + σhp + σor + σ
ss

1
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Where σth is representative of the short-range contribution and is thermally activated. It is the stress
needed for a dislocation to pass short-range obstacles and to move it through the lattice (also known as
the general term for dislocation glide) [15]. The thermal vibrations can assist the stress to overcome these
obstacles. The σdis denotes the long-range and it is often called strain hardening due to the forest
dislocations (dislocation strengthening), σhp is representative of the Hall-Petch effect (long-range
contribution), namely the grain size strengthening effect (i.e. grain size contribution to the �ow stress).
The σOr is representative of the precipitation hardening (short-range contribution) and the σss of the solid
solution hardening (short-range contribution). The long-range contributions are sometimes considered as
athermal contribution because the thermal vibrations cannot assist a moving dislocation to pass the
region subjected to long-range distortion of lattice [16].

3.1 Long-range contribution - strain hardening
The interaction between moving dislocations and immobile dislocations is a long-range interaction (if it
cuts orthogonal to the dislocation is of short-range). This interaction is the physical basis of the strain-
hardening of a metal. The long-range contribution to the material resistance is represented by Eq. 2 (σdis).
This mechanical resistance is due to the interactions with the dislocation substructure [17, 18].

σdis = MαGb ρi ; G = 28815 −
3440

e
210
T −1

 (2)

In Eq. 20, α is a proportional fraction, ρi is the density of immobile dislocations and G is the temperature
dependent shear modulus, b is the Burger’s vector and M is the Taylor factor computed as (G/G0). The
immobile dislocation density evolution is described by Eq. 3 (density dislocation evolution) [19]. It is
important to highlight that the mobile dislocation is assumed to be much smaller than the immobile one.
The evolution equation consists of two terms: ρ̇i

(+) that is representative of the hardening and ρ̇i
(−) that is

representative of the softening due to the recovery.

ρ̇i = ρ̇ ( + )
i − ρ̇ ( − )

i

3

3.1.1 Hardening contribution
The mobile dislocations may encounter obstacles that prevent further movement and become
immobilized due to the trapping effect of the obstacles. Moreover, when dislocations are moving next to
the grain boundaries can be annihilated due to the interactions with dislocations of opposite sign. The
increase in dislocation density is assumed to be proportional to the plastic strain rate (Eq. 4).

√ ( )



Page 5/23

ρ̇ ( + )
i =

1
s +

1
D

M
b ˙

−
ϵ p =

M
bΛ ˙

−
ϵ p

4

M is the Taylor, b is the Burger’s vector, ε̅p is the plastic strain rate and Λ interprets the mean free path of a
moving dislocation until it is immobilized. In the Eq. 4, D and s represents the grain size and the cell size
respectively. The cell size is assumed to be inversely proportional to the square root of the immobile
dislocation according to Eq. 5 [20].

s =
Kc

ρi

5

where Kc is a calibration parameter.

3.1.2 Softening contribution
Different processes may contribute to the reduction in the dislocation density. They are separated into
static and dynamic recover as showed by Eq. 6.

ρ̇ ( − )
i = ρ̇ ( − )

sr − ρ̇ ( − )
dr

6

The ρ̇ ( − )
sr  represents the static recovery. This formulation is depending on some physics constants as

Boltzamnn’s constants and self-diffusivity models. It is also depending on grown of dislocation density
that is used in the model to prevent that the dislocation density become zero when very long times are
considered in the process. In the machining simulation, a very short interval time proportional to 1e− 7s is
considered, consequently its contribution (ρ̇sr

(−)) was neglected. On the contrary, the dynamic recovery

term ρ̇
( − )
dr  is proportional to the immobile dislocation density and the plastic strain rate (Eq. 7). The

dynamic recovery implies that moving dislocation annihilates the immobile ones.

ρ̇ ( − )
dr = Ωρi ˙

−
ϵ p

7

where Ω is a recovery function and its expression is reported in Eq. 8.

( )

√
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Ω = Ω0 + Ωr0
1

˙
−
ϵ p

D
b2

1/ 3

8

Where D is a diffusivity, while Ω0 and Ωr0 are two calibration parameters. As reported by Bergstrom
1983, the recovery for the dislocations takes place mainly in the cell walls and this process is due to
climb controlled by excess vacancies created during deformation [19].

3.2 Long-range contribution – the Hall-Petch effect
The Hall-Petch effect is due to the resistance to dislocation motion offered by grain boundaries. In detail,
this effect is due to pile-up of dislocations at grain boundaries leading to the activation of other slip
systems in the surrounding grains [21]. The equation representative of the Hall-Petch contribution to the
�ow stress was computed as showed by Eq. 9.

σhp = σ0 +
khp

√D

9

Where σ0 is the frictional or Peierls stress and its value has been taken from [22], D is the grain size and 
khp is a coe�cient. As grains are re�ned progressively, once they decrease under a critical value the
material strength starts to decrease. This phenomenon is commonly referred to the inverse Hall-Petch
effect and different physical explanations are available in literature [23–25]. The coe�cient khp catches
the physics phenomenon that is particularly evident as a grain boundary sliding coupled with extreme
grain re�nement. This results in a softening effect on the material constitutive behaviour and this effect
is captured by the Eq. 10 [11]:

khp = α0
Gtanh

d
D −0.5

ν

ν = 0.000475T + 1.2455

10

Where d and α0
G are calibration parameters while D is the grain size due to continuous grain re�nements.

The ν is a calibration parameter depending on the temperature.

3.2.1 Grain size evolution

( )

{ ( )
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The grain size D was computed based on the Eq. 11 reported by Hallberg et al. 2010 [26]. The model was
developed taking into account the inelastic deformation de�ned by the formation and annihilation of
dislocations together with grain re�nement due to continuous dynamic recrystallization. This latter
occurs due to plastic deformation also without the aid of elevated temperature.

D = D0 − D0 − Df 1 − e −kx ϵeff −ϵc
cx , Df ≤ D ≤ D0

11

ϵc = 0.058556
Z
A

0.00645

12

Z = ϵ̇effe
Q

RT

13

Where D0 is the initial grain size (4.85 µm), Df is the �nal grain size (in this case is the smallest grain size
measured from all the case analyzed and its value is equal to 1.54 µm) and kx and cx are numerical
constants. The Eq. 11 is also depending on effective plastic strain ϵ, ϵcr is the critical strain for the
nucleation of the recrystallization (Eq. 12) and its formulation has been taken from Quan et al 2012 [27].
The critical strain physically represents the strain point at which the dynamic recrystallization usually
starts and the Eq. 12 depends on Z that is the Zener-Hollomon parameters. The Z parameter was
computed as shown by Eq. 13 and the coe�cient A is a numerical constant also reported in [27]. Q is the
activation energy that is function of strain rate and temperature as reported by Shi et al. 2013 [28].

3.3 Short-range contribution
The σth term, showed by Eq. 14 represents the material resistance to plastic deformation due to the
short-range interactions where thermal activated mechanisms assist the applied stress in moving
dislocations [29]. Short-range obstacle is a general classi�cation of any disturbance of the lattice that is
“small enough” so that thermal vibrations can, together with the effective stress, move the affected part
of a dislocation through that region.

σth = Mσi 1 −
kbT

g0iGb3 ln
ϵ̇ref

ϵ̇p

2/ q 1/ p

14

( ) [ ( ( ) ) ]

( )

( )

( ( ( ) ) )
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where kb is the Boltzmann constant, T is the temperature, Δf0, q and p are calibration parameter and 

ϵ̇ref is typically taken as 106 or 1011 [30].

The σor represents the strengthening effect due to the precipitation hardening in the Al alloy of very small
particles that usually are not sheared during the mechanical tests at yield stress (Eq. 15).

σor = 0.3MG
b
R fv

15

σor is depending on G that is the shear modulus, R is the mean particle radius of the precipitates, M that
is the Taylor factor computed as (G/G0), b is the Burger’s and fv is the precipitate volume fraction [31].

The σss term is representative of the solid solution strengthening and generally, in metals it depends on
the concentration of solute atoms dissolved in the matrix C as showed by Eq. 16.

σss = HCn

16

Where H is computed as showed by Eq. 17 and n is a constant. The parameter n can be in the range of
0.5–0.75 [32].

H = − 1.2004T + 885.11

17

As previously mentioned, there are some numerical constants that are unknown, as a result their value
was calibrated by �tting the experimental true stress-true strain curve obtained. In particular, some
compression tests at different temperature and at strain-rate 0.1 s− 1 and 0.5 s− 1 were carried out.
Subsequently, the numerical predictions provided by the physically-based model were plotted together
with the experimental curves and a �tting procedure was initialized. Once the �tting procedure provided
an average error lower than 1%, the unknown numerical constants were �nally determined. Subsequently,
the model has been elaborated through excel and the numerical unknown constants were obtained after
calibration procedure.

In Fig. 1 are reported the simulated curve and the experimental representative of the true stress-true strain
curves. The model was able to match the experimental curves at varying temperature and strain rate. All
the numerical and physics constants are reported in Table 1. It is important to highlight that the model
was able to correctly replicate the mechanical behaviour at large plastic deformation values (higher than
0.3) in the region that characterizes the machining process.

√
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Table 1
Numerical constants of the physics
based model developed (calibrated

or reported in literature).
Numerical constants Value

α 0.2

b [m] 2.86− 10

Kc 21

Ω0 4.43

Ωr0 0.33

ρ0 [m− 2] 1010

σ0 [MPa] 0.01

σi [MPa] 615

α0
G

3300

d 1

D0 [µm] 4.85

Df [µm] 1.55

kx 3.8

cx 2

kb [J/K] 1.38− 23

g0i 0.55

q 1.5

p 0.678

R [m] 1.50− 09

fv 0.085

n 0.67

C 0.081
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Figure 2 shows the prediction strategy implemented by sub-routine into the FE software DEFORM in order
to simulate the constitutive material behaviour of the aluminium alloy AA7075-T6 during machining
operations. The routine was developed in FORTRAN code, the FE software computed the routine step
after step upgrading the state variable as strain, strain rate and temperature. Subsequently all the
equations that represent the model were computed and the �ow stress was upgraded at the end of each
step. The routine returned the stress, strain, strain rate, temperature and the metallurgical variables at the
end of each step.

4. Fe Model

4.1. Geometry, thermos-mechanical boundary conditions
The simulation of the machining process was carried out through the software SFTC DEFORM 3D. In
detail, the region near the cutting zone was considered to reduce the computational time required by the
simulation. The FE model was characterised by two elements, the tool and the workpiece both modelled
by CAD software and then imported within the software DEFORM. The cutting tool was assumed as a
rigid body and only the volume near the tool tip was modelled with 50000 tetrahedral elements, the
density of the mesh was increased toward the tool tip to accurately model the cutting-edge radius since it
affects the prediction of the thrust force. The workpiece was meshed with 110000 tetrahedral elements
and a re�ned mesh window was set within the cutting zone to obtain a mesh element size approximately
�fty times smaller than the elements outside the window. This operation allowed aiming a better
accuracy of the prediction of the monitored process variables (cutting forces, temperature and
metallurgical alterations).

Once de�ned the three-dimensional geometry, the kinematic and thermal boundary conditions were set on
the tool and workpiece. In Fig. 3 the surfaces with the kinematic-thermal boundary conditions are
reported. Figure 3a represents the kinematic boundary conditions on the tool and workpiece; in particular,
the bottom and side surfaces of the tool were �xed in x, y and z directions while the tool was completely
free to move.

The cutting speed and the feed rate were set on the tool in according with the ones used during the
experimental tests. The cutting speed was set considering the x direction. Regarding the thermal
boundary conditions (Fig. 3b), the upper surface of the workpiece was in contact with the air, therefore, it
was able to exchange heat with the environment as the rake and �ank face of the tool (green colour). The
bottom and side face of the workpiece were at room temperature since represented the inner material as
well as the back part of the tool (red colour). The aluminium alloy bars were also machined under
cryogenic condition. Therefore, considering the cryogenic effect, a further environmental window, that
thermally represents the region in which the liquid nitrogen was delivered, was considered. Inside this
customized window (Fig. 3a), the temperature was set equal to -196°C (liquid nitrogen boiling
temperature) while the heat transfer convective coe�cient hcryo (W/m2K) was computed by the Eq. 18
[33].
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hcryo =
0.20

b0.35g0.33

Vf
0.65kf

0.67cp
0.33γf

0.33

vf
0.32

18

where; b is the equivalent length (m), g is the gravitational acceleration (m/s2), and the remaining
parameters are properties of the �uid, namely: Vf is the velocity (m/s), kf is the thermal conductivity (W/m

K), γf is the speci�c weight (kg/m3), vf is the dynamic viscosity (Pa*s) and cp is the speci�c heat capacity
(J/kg K). As reported by Pušavec et al. 2016 [34], the physical properties of the liquid nitrogen are mostly
depending on the temperature, therefore Eq. 18 can be entirely expressed as a function of the
temperature. Therefore, the value of kf, vf, cp and γf depending on the temperature were extrapolated from
[34] and implemented in Eq. 18 to represent the heat transfer convective coe�cient hcryo as a function of
the temperature (Eq. 19).

Based on this equation and considering the physical and thermal properties of the liquid nitrogen, the
Eq. 19 was determined depending on the temperature (Fig. 4) and implemented in the FE software. The
shape of the curve represented in Fig. 4 was due to the presence of transition of the nitrogen from liquid
to gas (in corresponding to the − 196°C). As reported by Pušavec et al. 2016 [34], the knowledge of the
condition of nitrogen is fundamental to better understand its physic characteristics such as density,
speci�c heat capacity, viscosity and therefore its ability to provide bene�ts into the cutting zone. In Fig. 4
are reported the nitrogen properties depending on the temperature. There are signi�cant differences
before and after the boiling temperature, consequently the cryogenic characteristics are strongly affected
by the liquid or gas nitrogen phase. Correlating these aspects with the cooling capacity/capability, of
different nitrogen phases, it must be considered that when nitrogen is delivered to the cutting zone in the
liquid phase, a larger amount of the heat is used due to its more favourable physical properties [34].

Depending on the temperature and consequently on the liquid or gas phase the heat transfer coe�cient
set into the customized heat exchange window is described by the following equations.

hcryo =
0.07042T2 + 42.08T + 7737, T < − 196 ∘ C(Liquidphase)

0.03495e−0.3282T + 224.9, T ≥ − 196 ∘ C(Gasphase)

19

To proper simulate the interaction between the tool and the workpiece within the chip-tool interface, a
hybrid friction model representative of a combination of sticking-sliding phenomena that occur in this
region was employed. In detail, the sticking-sliding friction model (sticking governed by the shear model τ 
= mτ0 sliding governed by the Coulomb model τ = µσ were also implemented), and the value of m and µ
were calibrated according to prior results on the cutting forces [35–37].

4.2. Calibration strategy

{
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The calibration procedure aimed to determine the friction coe�cients of the hybrid friction model. The
strategy adopted, represented in Fig. 5, was based on an iterative analysis that aims to minimise the total
average error of the predicted cutting forces and temperature. This procedure was stopped when the total
average error was lower than 10%.

The calibration procedure was carried out for two cutting conditions corresponding to the following
cutting parameters: Vc = 1000m/min and Vc = 1500m/min with f = 0.1mm/rev, and Vc = 1500m/min with
f = 0.3 mm/rev and both the cooling strategy, namely dry and cryogenic were taken into account during
the calibration. At the end of the calibration procedure, through �tting procedure, the general polynomial
models representative of m and µ friction coe�cients depending on cutting speed and feed rate were
determined by MATLAB. Eqs. 20, 21 and 22 permitted to calculate the friction coe�cients referred to all
the case studied.

mdry = 2.625 + 0.25f − 0.0033Vc + 3.432e − 17fVc + 1.2e − 06Vc
2

20

μdry = 2.612 + 0.9917f − 0.00335Vc − 0.0005fVc + 1.24e − 06Vc
2

21

mcryo ,μcryo = 0.2533 + 0.8583f − 0.00031Vc − 0.0003fVc + 1.2e − 07Vc
2

22

The m and µ computed values related to the dry and cryogenic machining conditions are reported in
Table 2.

Table 2
Calibrated friction

coe�cient depending on the
cutting parameters.

Vc / f m µ

1000/0.1 0.55 0.55

1250/0.1 0.4 0.4

1500/0.1 0.4 0.4

1000/0.3 0.6 0.65

1250/0.3 0.45 0.47

1500/0.3 0.45 0.45



Page 13/23

As showed by Table 2, the friction coe�cients related to the dry machining were affected by the cutting
speed and the feed rate. In detail, the high feed rate led to higher friction coe�cients while at �xed feed
rate, when the cutting speed increased the friction coe�cients decreased. The friction coe�cients referred
to the cryogenic machining were lower than the ones calibrated in dry conditions. The feed rate and
cutting speed played the same role observed in dry machining simulations. These numerical results
referred to the dry and cryogenic conditions showed similar trends reported also by Cabanettes et al.
2016 operating under dry and lubricated conditions. They observed a decreasing of the friction coe�cient
when cutting speed increased. The lower friction coe�cients reported for cryogenic machining agreed
with the experimental observations, in fact lower cutting forces as well as rake face wear due to the
reduced tool-chip contact were observed [38].

5. Results And Discussion
At the end of the calibration phase where the friction coe�cients and the models were determined, the
validation phase was carried out in order to understand the reliability of the developed and proposed FE
model. The validation was performed taking into account all the case studied, therefore all the machining
tests were simulated. The friction coe�cients, namely, m and µ, were obtained using the polynomial
expressions reported in Eqs. 20, 21 and 22.

5.1. FE Validation, cutting forces and temperature
prediction
The predicted cutting forces and temperatures depending on the cutting speed, feed rate and
manufacturing conditions (dry or cryogenic) were collected and compared with the experimental ones.
The results of the comparison of the predicted cutting forces (main and feed force) under dry and
cryogenic machining are reported in Figs. 6 and 7.

The maximum temperature was measured considering the same surface evaluated by the analysis of the
IR signals acquired by the IR camera [39]. The temperature in this particular area was measured once the
temperature distribution depending on the simulated steps reached the steady state condition. Therefore,
different values of temperature were measured, and the average value was considered and compared
with the experimental one (Fig. 8a and 8b). The FE developed model correctly predicted the experimental
temperature as well as the trends at varying cutting speeds, feed rate and cooling strategy. This result is
very important because the temperature plays an important role in tool wear phenomena, therefore, the
right prediction of this state variable might be used to suggest if the machining strategy is critical for the
tool life without performing long and expensive experimental tests.

The developed physics based model was able to successfully predict the main fundamental variables as
cutting forces and temperatures as showed by the �gures. Between the cutting forces, the main cutting
components that is directly related with the power consumption was correctly predicted at varying cutting
parameters and cooling conditions. The highest errors in predicting the main cutting components were
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2.9% and 3.9% obtained in dry and cryogenic machining simulations respectively, while the other
comparison provided an error lower than 1%.

The predicted feed components (Fig. 6b, Fig. 7b) were always smaller than the experimental
measurements. This problem was mainly due to the cutting-edge approximation. Indeed, the cutting-edge
radius was very small, close to 40 µm, and the elements number required to properly approximate the
round shape in 3D dimension was high leading to longer computational time. However, machining
parameters as energy or power requirements are mainly related to the main cutting components that were
properly predicted, therefore, the poor prediction capability of the feed components is abundantly
accepted. Moreover, the error in predicting the feed force did not exceed the 25% and the trend variation at
varying cutting parameters and cooling strategy was well predicted. To improve the prediction of this
other cutting component, more elements are necessary to approximate the cutting edge round shape,
drastically increasing the duration of the simulations. Finally, although a quantitative complete analysis
of the chip was not carried out, in Fig. 9 the predicted chip morphology is compared with the experimental
obtained during the dry machining test with cutting speed of 1000m/min and feed rate of 0.3mm/rev.
The FE model was capable to predict not only the curly shape of the chip during its formation but also the
geometrical aspect. The possibility to predict the real dynamic of chip formation can be used to predict
other important information as cutting lengths to approximately estimate the tool wear regions related to
the tool-chip contact.

5.2. Effect of the machining and the LN2 on the surface
integrity
The developed FE model allowed predicting the metallurgical alteration usually triggered when critical
conditions (e. g. high strain rate, signi�cant plastic strain and high thermal gradient) are reached during
the machining process.

5.2.1. Grain size and dislocation density variations
The equations implemented in the numerical model allowed studying the evolution of the metallurgical
changes due to the thermo-mechanical loads induced by the interaction tool-workpiece. The
microstructural alteration was predicted on machined surface and inside the workpiece at varying cutting
parameters and cooling conditions. In Fig. 10 is shown the top view of the machined surface and the
grain size prediction. The white box represents the region in which the grain size was evaluated. For each
case study simulated, 60 measurements were carried out and the average value are showed in Fig. 10a
and Fig. 10b. The developed model was able to correctly predict the grain re�nement due to the
machining process. In fact, the grain size numerically predicted was very close to the experimental
measured and at varying cutting parameters as well as cooling conditions, the trend was well predicted.
Therefore, the FE model can be used to estimate the amount of grain re�nement modifying the cutting
parameters depending on the machining strategy.



Page 15/23

As previously mentioned, the FE model can predict the grain re�nement gradient into the subsurface as
showed by Fig. 11. A transversal plane cut the machined components, consequently, the internal grain
re�nement predicted was visible. The metallurgical alteration was well described by the model, since the
dislocation density variation was also predicted. Furthermore, the grain re�nement in subsurface
permitted to understand the amount of the affected layer. Therefore, considering the grain size changes
in depth, the thickness of the altered material can be also evaluated and compared with the experimental
results.

It is also important to highlight that the cooling conditions coupled with the cutting parameters play a key
role in changing the hardness of the machined parts. The analyses showed that the cryogenic �uids
promoted the presence of precipitates. As reported by [14], the regions with high dislocations density, due
to the plastic deformation accumulation, represent nucleation sites for precipitates. Therefore, a higher
percentage of precipitate suggests high dislocation density accumulation. Moreover, the cryogenic
temperature annihilated the recovery phenomena, therefore the size of the new recrystallized grains was
smaller compared with the one observed on the dry machined samples. The FE developed model
permitted to observe the previously mentioned metallurgical phenomena. Indeed, in Fig. 12 the density of
the smaller grains in the cryogenic machined part is higher than the one observed on the dry machined
one. Moreover, in Fig. 13 the higher dislocation density was predicted on the cryogenic machined sample.
The metallurgical phenomena and their evolution can be studied through the FE developed model as well
as their contribution to the strengthening of the alloy. The higher dislocation density predicted by the
cryogenic simulation, even if not compared with the experimental results, clearly suggests that the low
temperature on the machined surface can prevent the presence of recovery effects.

6. Conclusion
This work described the development and validation of a FE model to study the effects on the
machinability, microstructure and metallurgical features variations (dislocation density) of the aluminium
alloy AA7076-T6 when high speed machined under dry and cryogenic conditions. The model can properly
predict fundamental industrial relevant information such as the cutting forces that are directly related to
the power consumption of the process as well as the thermal �eld (maximum temperature within the
cutting zone). Moreover, as experimentally observed by the authors in another scienti�c study [39], the
microstructural changes mainly represented by small equiaxial grain formation was considered in the
development of the numerical model. The FE model was also able to predict the recrystallized grains due
to the severity of the machining operation and it also predicted the dislocation density variation induced
by the combination of high strain rate, plastic strain, and high temperature and grain size changes.

The following results can be summarised:

The FE model can accurately predict the cutting forces components (main cutting and feed force)
depending on the cutting speed, speed rate and machining conditions i.e. dry or cryogenic. While the
prediction of the main cutting force was represented by a very small average error (the maximum
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measured was 0.1% and 0.3% for the dry and cryogenic machining respectively), the error increased
when the feed force component was considered (30% and 35% for the dry and cryogenic machining
respectively). The higher error in predicting the feed force is mainly due to the cutting edge radius
that was not properly approximated with the right number of element. However, the prediction of this
component does not affect the estimation of the power consumption that is mainly related to the
main cutting component. An increase of the elements to better shape the cutting edge will improve
the prediction of this variable although the computational time will be signi�cantly increased.

The thermal �eld distribution and the maximum temperature within the cutting zone are properly
predicted and the numerical results follow the experimental trends.

The microstructural changes due to the machining operation and the effect of the cooling due to the
presence of the LN2 are computed by the FE model and the prediction allowed to estimate the grain
size changes on the machined surface. The measured results are very close to the experimental
measurements and the use of LN2 allowed to preserve the �ner recrystallized grains due to the rapid
cooling effect.

The variation of the dislocation density induced by the high plastic strain accumulation, high thermal
�eld and microstructural changes was properly predicted by the model. Although no direct
comparison with experimental evidence is reported, a higher accumulation of dislocations due to the
rapid cooling effect induced on the cryogenic machined samples was expected as noticed by the
XRD analysis [39].

Thus, the proposed work can give a direct answer to the need of properly predict physical phenomena
occurring during machining of AA7075 alloy with a consequent high impact in its applicability at an
industrial level.
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Figures

Figure 1

Comparison between the experimental and predicted true stress-strain curves of the aluminium alloy
7075-T6 at varying temperature and strain rate; a) strain-rate 0.1s-1 T= 200°C, b) strain-rate 0.5s-1 T=
150°C.

Figure 2

Numerical strategy developed to model the mechanical behaviour of the AA7075-T6 through physically
based modelling approach.
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Figure 3

a) kinematic boundary conditions, remeshing window and hcryo window de�nition, b) thermal boundary
conditions.

Figure 4

heat transfer coe�cient implemented in the FE software (Nitrogen properties at 105 Pa isobar collected
and adapted from Pušavec et al. 2016 [34]).

Figure 5

Calibration procedure to determine the friction coe�cients of the hybrid friction model.
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Figure 6

Comparison between experimental and numerical cutting forces; a) main cutting force (Fz) and b) feed
forces (Ft) under dry conditions.

Figure 7

Comparison between experimental and numerical cutting forces; a) main cutting force (Fz) and b) feed
forces (Ft) under cryogenic conditions.

Figure 8

Comparison between experimental and numerical temperature; a) dry machining and b) cryogenic
machining.

Figure 9

Comparison between the numerical and experimental chip shape (Vc=1000m/min, f=0.3mm/rev, dry
conditions).

Figure 10
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Predicted microstructure under dry conditions (Vc=1500m/min, f=0.3mm/rev); a) comparison of
numerical and experimental grain size measured on machined surface (dry conditions); b) comparison of
numerical and experimental grain size measured on machined.

Figure 11

Grain re�nement and dislocation density variations from the machined surface and in depth into the part
(Vc=1500m/min, f=0.3mm/rev, dry condition)

Figure 12

Recrystallized grain size prediction at varying cooling conditions (f=0.3mm/rev).

Figure 13

Dislocation density prediction at varying cooling conditions ( f=0.3mm/rev).


