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Abstract

Hole shrinkage is a common phenomenon in drilling difficult-to-cut materials like Ti6Al4V due to their poor thermal prop-
erties and high elasticity, which can lead to increase in tool wear and decrease in surface integrity. In this study, an in-depth
analysis of hole shrinkage mechanism is carried out through a hybrid modelling approach for both dry and cryogenic cut-
ting conditions. The plastic deformation induced by chip formation and tool-workpiece interaction is treated as equivalent
thermomechanical loads, and heat convection conditions are described along tool path in order to perform details in heat
transfer process for both cases. Quantitative analysis is presented through numerical simulation and experimental data of
temperature and deformation along hole contour to analyze deformation components in order to reveal the hole shrinkage
mechanism. Additional interactions between cutting tool and workpiece material are induced by recovery of elastoplastic
deformation, and plastic portion is a more devastating factor in tool wear and surface damage induced by hole shrinkage.
This study presents an in-depth and fundamental understanding of the hole shrinkage mechanism through a hybrid modelling
approach, which can characterize heat transfer process during machining for both dry and cryogenic conditions, and simula-
tion of this fully coupled thermomechanical cutting process with supply of coolants was rarely reported in previous research.
The results show that plastic deformation induced hole shrinkage can enhance the interaction between workpiece material
and cutting tool, and cryogenic assistance presents a good performance in restricting this kind of phenomenon. The related
results could be used to optimize strategies of eliminating hole shrinkage with cryogenic assistance in industrial applications.
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Nomenclature T, Reference temperature (K)
D The drill diameter (mm) h The height of contact (mm)
I The height of drill tip (mm) w The width of margin (mm)
d Projection distance of nozzle (mm) Ah Incremental height per tooth per revo-
¢ The nozzle diameter (mm) Iution (mm/r)
@ The projection angle (°) c Normal stress (MPa)
A B C VPL model parameters regarding T Tangential stress (MPa)
strain hardening H Friction coefficient of main edge
n VPL model parameter regarding strain Friction coefficient of margin
rate hardening F, Radial force (N)
v VPL model parameter regarding ther- F, Tangential force (N)
mal softening Fy Feed force (N)
A, Percentage of shearing energy trans-
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hongguang liu@ensam.cu A, Percentage of heat produced during
chip formation and transformed into
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Heat partition coefficient at the inter-
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Dy qux Heat flux intensity of main cutting
edge area (W/mm?)
Dy, qux Heat flux intensity of margin area (W/

mm?)

Controlling parameters for calculating
heat convection coefficient
Referencing values of nozzle diam-
eter, projection pressure, projection
distance and projection angle

B v, 0,0 j kkm

¢ref’ Pref’ Dref’ Rpef

P Driven pressure of LN, applied in
experiments (Bar)

a Projection angle of LN, (°)

a, b Intermediate variables for calculat-
ing distribution of heat convection
coefficient

t The current time step during machin-

ing process (s)
The coordinates of margin along x-,
y-, and z-axis at the current time ¢

x(1), y(1), 2(1)

Ty Time required for a single rotation (s)
2y Initial position of tool along z-direc-
tion (mm

1 Introduction

Ti6Al4V alloys are widely used in aerospace industries due
to their high strength-to-weight ratio, excellent corrosion
resistance, and good mechanical properties at high tempera-
tures [1, 2]. However, the extremely low thermal conductiv-
ity, high elasticity, etc. make it a typically difficult-to-cut
material. For Ti6Al4V, it is usually machined as structural
components for aircrafts, which requires to be assembled
with other components, and riveting is the most popular
method for this purpose, which makes drilling one of the
most common techniques applied for Ti6Al4V.

During drilling of difficult-to-cut materials like Ti6Al4V,
severe tool wear [3, 4] and hole contour variation like cylin-
dricity and circularity [5] induced by accumulation of ther-
mal effects are main issues. Tool wear can significantly
increase the costs of machining process and decrease sur-
face quality, which will finally influence hole geometries
and service performance of components. Meanwhile, hole
shrinkage will enhance the interaction between cutting tool
and workpiece material, which will further speed up tool
wear, decrease surface quality, and can also lead to burr for-
mation at the entry and the exit of the hole [6]. To overcome
these issues, good choices of cooling strategies are neces-
sary. The concept of cryogenic cutting was firstly raised by
Uehara and Kumagai [7], and then developed by Hong et al.
[8—10], which utilizes liquid nitrogen (LN,) with extremely
low temperature to cool down the cutting zones. Since it
comes out, it attracts a lot of concerns from researchers all

over the world and is becoming more and more popular due
to its excellent performance in reducing thermal induced tool
wear and significant improvement in economic and environ-
mental perspectives [8, 11, 12]. Ayed et al. [13] carried out a
series of experiments to investigate the impact of flow rates
and pressures of cryogenic liquids on tool wear and residual
stress during Ti6 Al4V machining, which shows a good per-
formance of LN, in improving tool life and surface integrity.
Then, Stampfer et al. [14] investigated the cooling effects
of LN, with respect to supply pressure and subcooler usage
for turning, which was used to identify the reliable cooling
strategies. Merzouki et al. [5, 15] investigated the contact
height induced by hole shrinkage and proposed a method
for experimentally measuring the radial forces induced by
hole shrinkage; however, in-depth analysis of hole shrink-
age mechanisms were not presented. Kaynak et al. [16]
showed that cryogenic assistance can help to increase the
machinability of workpiece material. Shokrani et al. [17]
investigated machining of Ti6Al4V under different cooling
conditions, which shows that cryogenic cutting can signifi-
cantly improve the surface integrity compared to dry and
flood conditions. Pusavec et al. [18] analyzed the influence
of nitrogen phases on the performance of heat transfer in sur-
faces during cutting process, which provides a basement for
more detailed modeling of cryogenic cutting. Guo et al. [19]
carried out experiments through micro-pillar compression,
which shows that the constitutive behaviors and wear resist-
ance of machined surface can be significantly strengthened
by cryogenic machining process. Although the experimental
investigations present some basic comprehension of cryo-
genic cutting process, quantitative analysis is still required
for fundamental understandings of thermomechanical condi-
tions in cryogenic cutting.

For quantitative description of fully coupled thermome-
chanical process and related material behaviors, numerical
simulation methods like finite element method (FEM) and
related coupled methods are always used [20]. Salame et al.
[21] used FEM to analyze chip formation process and trans-
fer data to computational fluid dynamics (CFD) for calcu-
lation of temperature, which performs a good description
of liquid—gas transformation in cutting; however, cutting
process and heat transfer process are calculated separately,
while these processes occur simultaneously for actual condi-
tions. Rotella and Umbrello [22] simulated cryogenic cutting
process with a simplified method by applying a heat transfer
coefficient between workpiece and environment, which is
lack of accuracy in description of the heat transfer process.
Dix et al. [23] used a 3D modeling method to carry out
drilling simulation with cryogenic assistance; however, their
simulation lasts only for 2.5 revolutions due to the extremely
long calculation time, which cannot reach the stable condi-
tions of thermomechanical loads, and only transient states
can be analyzed as a result. Imbrogno et al. [24, 25] also



presented a 3D simulation method with application of com-
mercial software Deform 3D due to its convenience in per-
forming 3D machining simulations; however, their meth-
ods can only be applied when heat transfer occurs between
LN, and cutting tool, which cannot express the interaction
between workpiece material and LN,, as it can be only
applied for a fixed surface. Shi et al. [26] proposed a hybrid
modeling approach to combine simulation results of CFD
and FEM to perform 3D turning simulation with cryogenic
assistance, and a heat exchange window with simplified cyl-
inder shape was applied to describe the cooling process of
the rake face induced by LN,. This method cannot give an
accurate description of the interaction between LN,, cutting
tool, and workpiece. As a result, better methods need to be
developed for cryogenic cutting process in order to carry out
in-depth understandings of the inner mechanisms.

In this paper, a hybrid modeling approach based on FEM
is developed to analyze the variation of deformation condi-
tions along hole contour during drilling in order to character-
ize the mechanisms of hole shrinkage. The thermomechani-
cal loads produced by the interaction between drill tip and
workpiece material are determined through an equivalent
approach, which includes both plastic deformation-based
loads and friction-based loads. The heat exchange during
this whole process is described with respect to the detailed
helix path of drill and coolants movement. This method is
then applied to analyze the mechanisms of hole shrinkage in
drilling under dry and cryogenic conditions, and the results
are validated against experimental data. Cryogenic drilling
presents an advantage of improving surface integrity through
restricting hole shrinkage and reducing excessive deforma-
tion. These results can be further used for parameter optimi-
zation of drilling process.

2 Modeling approach

For 3D simulation of drilling process by FEM, the compli-
cated chip formation and material removal process are very
time-consuming, which is the key limitation for performing
simulations illustrated by Dix et al. [23]. In this study, the
main concern is the final contour of the hole surface, espe-
cially the central part of the hole as the cutting loads are
more stable within this area. As a result, the complicated
chip formation process can be regarded as thermomechani-
cal loads applied on it, which can be equivalent and sim-
plified through an analytical model proposed by Valiorgue
et al. [27-29]. This method is dependent on experimental
data for parameter identification of thermomechanical loads;
meanwhile, the description of heat convection conditions
requires to be identified by experimental parameters as well,
and these data are then transferred as the input for numeri-
cal simulation by FEM, the schematic is as shown in Fig. 1.

This approach is composed of three sections: firstly, data
acquisition through experiments, then data processing and
parameter identification are proceeded for obtaining equiva-
lent thermomechanical loads and heat convection conditions,
and finally the loads and boundary conditions are applied for
numerical simulation, detailed explanation of calculation for
all the related inputs are described in “Sect. 4.” This approach
could improve the calculation efficiency by eliminating the
simulation of time consuming chip formation procedure and
related distortions of meshes. Moreover, for cryogenic cutting
condition, it can provide a more detailed and precise descrip-
tion of the heat convection process between workpieces and
coolants than normal simulations as illustrated in references
[21-23, 26], which will be introduced in details in “Sect. 3,
4and5.”

3 Experimentation

Experiments were carried out through a 3-axis milling
machine (model: HURON KX10) with removable carbide
inserts (model: ISCAR ICM 120 IC908). The geometry of
the insert and location of nozzles are presented as shown in
Fig. 2, and the detailed parameters of drill geometry can be
found in Table 1.

The LN, used for cryogenic assistance was stored in a tank
with internal pressure of 10 bars, which was driven to the cut-
ting zone through the spindle and internal lubricant holes of
the drill, which are marked as nozzles in Fig. 2. Cutting forces
and torques were measured together with application of rotary
dynamometer (model: KISTLER 9123C) and fixed dynamom-
eter (model: KISTLER 9257B). A bi-plate method raised by
Merzouki et al. [5] was used to obtain the radial forces induced
by hole shrinkage. The schematic of the set-up is as shown in
Fig. 3.

The contact height induced by hole shrinkage between mar-
gins and hole surface during the whole-drilling process was
determined due to the variation of cutting torques and feed
forces due to high elasticity of Ti6Al4V at the exit of the drill-
ing hole through the method proposed by Merzouki et al. [15].
Cutting experiments were performed with same parameters for
both dry and cryogenic cases, which were cutting speeds V,
of 30 m/min and feed f of 0.08 mm/r, the whole thickness of
the plate is 25.5 mm. Each experiment was carried out for 5
times to prove the repeatability, and cutting temperatures were
measured with K-type thermocouples installed at 1 mm from
the hole surface, as shown in Fig. 3.
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4 Parameter identification for numerical
modeling

4.1 Material model

Constitutive behavior is a key factor influencing the material
deformation during cutting process; in this paper, a modified
constitutive model of voce power law (VPL) model raised
by Shi et al. [26] is adopted, which has been successfully
applied in simulations of cryogenic cutting conditions [26],
and the model can be expressed as follows:
€., T
6 = [A - Bexp(Ce)l(—)"(5-)" )
£ T,
where A, B, and C are all the controlling parameters for the
strain hardening behavior, » is the parameter describing the
strain rate effects and v the parameter for thermal effects.
£, is the reference strain rate and 7, the reference tempera-
ture; for this model, the unit used for temperature should

*  Temperature

be Kelvin. From the publication of Shi et al. [26], model
parameters were not calibrated for material behaviors at
low temperature; as a result, they are re-calibrated against
experimental data for both high temperature behaviors from
Ramirez [30] and low temperature behaviors from Follans-
bee and Grey [31], as shown in Table 2.

The calibration of VPL model with parameters listed in
Table 2 is shown in Fig. 4, which shows a good agreement
with experimental data at both high and low temperature
ranges, and it is also acceptable for high strain rate appli-
cations, although this modeling approach will not preset
extremely high strain rate due to the lack of chip formation
process. These parameters were fitted against experimen-
tal data to characterize good results in a large temperature
range, so that it can be used for both cases of dry cutting
condition and cryogenic cutting condition. This model is
then implemented for numerical simulations as a subroutine
for both conditions.

Moreover, Young’s modulus and thermal properties of
Ti6Al4V are used as temperature-dependent parameters



D=12mm

Fig.2 Geometry of the drill insert, a top view and b side view, where
D shows the drill diameter, / the height of drill tip, d the gap between
drill and hole surface, ¢ the nozzle diameter, ¢, the angle between

Table 1 Geometrical parameters of drill
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nozzle and cutting area, ¢, the angle between nozzle and drill axis,
and @; the angle between main cutting edges from cylindrical section

with values referenced from Mills [32] and Ramirez [30],
as shown in Table 3.

Parameter Symbol Value Meanwhile, for cryogenic region, the temperature-
Drill diameter (mm) D 12 dependent material properties will be changed as well,
Nozzle diameter (mm) ) 22 which will have an influence on the final cutting perfor-
Phase angle between nozzle and margin (°) ®; 98 mance. Marquardt et al. [34] and Ziegler et al. [35] provided
Projection angle of nozzle (°) ®, 20 a database for characterizing thermal properties of material
Tip angle of drill bit (°) ?; 146.5 at cryogenic conditions with temperatures ranging from 20
Height of drill tip (mm) l 1.7 to 300 K (—253 to 27 °C), and the related properties of
Projection distance of nozzle (mm) d 0.1 Ti6Al4V alloys can be found in Table 4.
Fig.3 Description of experi- KISTLER — -
mental set-up [5] 9123C .—
Dynamometer
Thermocouples
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Radial force > Radial force
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—
Duplicate Imm gap KISTLER 92578
Dynamometer

—

—

Milling center table




Table 2 Calibrated parameters
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Table 3 Temperature-dependent properties of Ti6Al4V at high tem-
perature range [30, 32, 33]

Temperature Young’s Specific heat Thermal Thermal

°C) modulus J/kgeK) conductiv- expansion
(GPa) ity (x 1078 m/

(W/meK)  meK)

100 115.27 562 7.45 8.78

200 110.07 584 8.75 9.14

300 105.85 606 10.15 9.49

400 100.35 629 11.35 9.85

500 94.95 651 12.6 10.21

600 89.54 673 14.2 10.57

700 84.08 694 15.5 10.93

800 79.93 714 17.8 11.28

900 76.49 734 20.2 11.64

1000 76.09 754 22.7 12

4.2 Mechanical loads

During drilling process, the mechanical loads applied on
hole surface are mainly due to the additional interactions
between drill and hole surface induced by hole shrinkage,
which can be decomposed into radial direction and tangen-
tial direction. For radial direction, the loads can be used as
normal pressure, and shear stress for tangential direction.
As mechanical loads applied on hole surface are primar-
ily induced by the hole shrinkage between margin and hole
surface, the normal pressure and shear stress applied on the
surface can be calculated through the radial and tangential
cutting forces, as illustrated in Fig. 5.

From Fig. 5, F, shows the radial force and F, the tangen-
tial forces. These forces can be transferred from forces in x-
and y-directions that can be directly measured through the
dynamometer with respect to phase angle during the rotation
through the utilization of the set-up shown in Fig. 3. The raw
data of measured cutting forces can be found in Fig. 6.

Meanwhile, the maximum value of cutting forces will
appear at the tool tip between margin and main cutting edge,
and the cutting forces along radial and tangential directions can
be decomposed along margin with the method proposed by
Poutord et al. [4], then the mechanical loads can be determined
by the following equations:

Fr
= W AR
W-
i @)
T =
w-Ah

where w is the width of the margin, which equals to 0.85 mm
in this study, and A/ the incremental height for each feed,
which can be described as Ah=f72, as the drill used in this
study has two flutes. According to Merzouki et al. [15], the
heights of contact for dry cutting condition and cryogenic
cutting condition are experimentally identified as 1.36 mm
and 0.48 mm, respectively; as a result, the mechanical load-
ings induced by hole shrinkage along the margin can be
described as a linear distribution as shown in Fig. 7.



Table 4 Material properties of

TI6AI4V at low temperature Temperature Young’s modulus Specific heat '[.“h'ermal conduc- Therrza] expansion

°O) (GPa) (J/kgeK) tivity (X 107" m/meK)
range [30, 34, 35] (W/meK)

—253 - 8.21 0.8426 —86.8

—248 - 16.04 1.5763 —69.44

-223 99.52 2.4107 —34.16

—193 _ 228.85 3.5308 —20.1375

-173 - 301.03 3.8045 —15.16

—123 - 415.5 4.6215 -7.94

-73 ) 478.13 5.7498 -3.93

-23 513.72 6.5931 —1.415

2 119.21 530.05 6.9826 -0.524

22 118.3 538.84 7.4145 8.5

Fig.5 Mechanical loads
induced by hole shrinkage on |
the cylindrical surface

4.3 Thermal loads

Thermal loads are mainly described as a heat flux intensity,
which are always induced by plastic deformation of material
removal process during chip formation, and friction between
cutting tool and workpiece material. When the drill proceeds
to feed, the main resistance from material can be regarded
as feed forces and radial forces from cylindrical perspective.
Meanwhile, the heat flux applied on the hole surface can be
divided into three sections as a result, which are all primarily
induced by mechanical loadings, and a similar shape of heat
flux distribution was presented by Faverjon et al. [36] with

----------------------'

consideration of contact length between drill and workpiece
material. As a result, the distribution of heat flux intensity
is assumed to characterize a similar linear distribution as
mechanical loads, as shown in Fig. 8.

From Fig. 8, main contributions of heat flux applied on
hole surface are induced by the hole shrinkage with mar-
gin penetrated into the workpiece, while the contribution
from plastic deformation of chips along main cutting edge
is limited as its main transfer direction is consistent with
feed direction. Here, i shows the height of contact between
the margin and the workpiece, and d, shows the penetra-
tion height of main edge induced by hole shrinkage. With
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analysis shown in Fig. 8, heat flux can be calculated accord-
ing to local cutting forces in different areas, as a result, cut-
ting forces require to be decomposed according to Mondelin
et al. [29] as follows:

Fy=Fp+Fp ©)
F.=F,+F, 4)
Fy = uFy 5)
Fey = wF oy (6)

where y; and uj, represent the friction coefficients along main
cutting edges and margins, respectively, and Fand F, are the
feed force and radial force, respectively. These equations can
be further derived as follows:

1

Fy=———(F,—p,-F)

Ty 7 ™
Hi

Fpy=—"—(F, — ;- F})

L P, 1y ®)

Then, the maximum values of heat flux intensity within
different areas can be estimated through [29]:

Fq -V
1" Ve
Do = o aw M ©
Fo-V
2" Ve
Dh—ﬂux = 60 . h . AW 3 (10)

where [ and & are the penetration distance of main cutting
edge and contact height, respectively, and Aw the incremen-
tal width between margin and hole surface for each time
increment, which is regarded as the same value with feed
in this study. The number 60 in the equation is used for
unit transfer as cutting speed has a unit of m/min here. A,
is the percentage of shearing energy transformed into heat
and A, the percentage of heat produced by plastic deforma-
tion in chip formation transformed into machined surface.
According to Shi et al. [37], the values of A; and A, can be
used as 0.85 and 0.1 for dry cutting condition, respectively,
and for cryogenic condition, we assume the parameters the
same as dry condition due to the low percentage. A; is the
heat partition coefficient at the interface, which shows the
percentage of generated heat flux conducted to the machined
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surface. Rech et al. [38, 39] presented the characterization
of this coefficient for machining Ti6Al4V with both dry and
cryogenic conditions through friction tests. For dry cutting
condition, it is assumed that heat is conducted by tool-chip
and workpiece; while for cryogenic condition, most heat is
removed by coolants, so the same heat partition percentage
is used for cutting tool and workpiece. As a result, the coef-
ficients A; are calculated as 0.45 and 0.15 for dry and cryo-
genic conditions according to Courbon et al. [39], respec-
tively. As heat flux is calculated from mechanical loads, a
same linear distribution as mechanical loads described in
“Sect. 4.2” is applied for heat flux, as illustrated in Fig. 8,
which is dependent on drill geometry and height of contact
along margins. Then, the distribution of heat flux intensity
can be obtained as shown in Fig. 9.

4.4 Heat convection coefficient

For cryogenic cutting condition, a precise description of
heat convection coefficient is essential for characterizing
the heat transfer process between cryogenic coolant LN,
and workpiece. When the contact between LN, and work-
piece occurs, the distribution of heat convection coeffi-
cient is not uniform, which will be a Gaussian distribution
instead, as reported by Lequien et al. [40]. According to
their research, the values of heat convection coefficient
are always dependent on nozzle diameter ¢, projection
pressure P, projection distance D, and projection angle a,
which can be described as follows [40]:

—f2(1)
W) = a- exp(~757) (1)
¢ f PP DV as
—A- (=) . (=—) . (=2 (X
. (d)ref) (Pref) (Dref) (aref) (12)
i i k m
b=s-(2y (B (2 (13)

¢ref P, ref D ref Xpef

where ¢, B, v, 6, i, j, k, and m are all controlling parameters,
while ¢,.p, Prep, Dyep, and a,; are referenced values of noz-
zle diameter, projection pressure, projection distance, and
projection angle, respectively. The function f{?) characterizes
the coordinates of tool tip. The parameters for character-
izing the interaction between LN, and Ti6Al4V are shown
in Table 5.

In this study, the projection pressure is 3 bars, and the geo-
metrical parameters of nozzle diameter, projection distance,
and projection angle can be obtained through measuring geo-
metrical parameters of the drill shown in Fig. 2, which are
2.2 mm, 0.1 mm, and 70°, respectively. As a result, the dis-
tribution of heat convection coefficient in this study can be
described as shown in Fig. 10.



Fig.9 Distribution of heat flux
on the hole surface under dry
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Fig. 10 Distribution of heat convection coefficient

5 Numerical simulation
5.1 Boundary conditions and loadings

In this hybrid modeling approach, equivalent thermome-
chanical loads are obtained and applied through experimen-
tation and analytical models instead of simulating the time-
consuming chip formation process, so the geometrical model
is set with hole sizes. Meanwhile, to reduce the calculation
time, a certain cutting depth of 5 mm is used instead of the
whole depth 25.5 mm in order to reach the stable condition
of thermomechanical loading, and the height of the model is
set as 10 mm for the same purpose. To launch a simulation,
parallel computation with 16 CPUs were used for running
time of 1 week. The general boundary conditions of this
model are shown as Fig. 11.

From Fig. 11, the outside parts and bottom of the work-
piece are all fixed as they are restricted within the work-
piece material, heat transfer within this area is regarded
as a process occurred inside the material, and they are
only slightly influenced by the deformation area due to
the distance. Detailed descriptions of the heat transfer
configuration will be introduced in “Sect. 5.2.” For the
top surface of the model, it has heat convection with air at
room temperature, which has a heat convection coefficient
of about 20 W/m?sK. Plastic deformation will only occur
within a very fine layer on the hole surface due to the
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Fig. 11 Configuration of boundary conditions for numerical simulation

interaction between the drill and the workpiece, so plas-
tic/elastic region is modeled separately with finer mesh,
while elastic region with coarser mesh, in order to save
the calculation time. The thickness of plastic layer is set
as 1 mm in this study, while for the actual drilling process,
the thickness of the layer with plastic deformation can be
determined through the deformation of grains, which is
less than 0.23 mm as shown in Fig. 12a) for dry cutting
condition, which is measured by optical microscope on a
sectioned sample of workpiece after metallographic prepa-
ration of mounting, etching, and polishing. As a result, the
layer with finer meshes and plastic deformation is set with
the thickness of 1 mm, which is higher than the largest
thickness 0.23 mm obtained from experimental data and
enough for simulation purpose, as plastic deformation will
not occur outside this area.

Fig. 12 Severe plastic deforma-
tion layer in hole surface under
a) dry and b) cryogenic condi-
tions with cutting speed 30 m/
min and feed 0.08 mm/r
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The simulation was performed through the commer-
cial software Abaqus/Standard, element types were used
as C3D8RT due to the fully coupled thermomechanical
process, and the finest mesh of 0.1 mm in the hole surface
layer was used within the 1 mm thickness of plastic/elastic
region. Mesh sensitivity was tested through purely thermal
condition for a large size and a coupled thermomechanical
condition for small size with drilling distance 1 mm and
finest mesh 0.01 mm, respectively. The results show that the
accuracy provided by finer meshes is not high enough with
respect to the exponential increase in calculation time, and
current mesh sizes show a good balance between calculation
accuracy and efficiency. The material behavior described by
the VPL model as illustrated in “Sect. 4.1”” was programmed
as a user-defined subroutine UHARD to be implemented
into the simulation. Meanwhile, subroutine DLOAD was

Severe plastic
deformation
layer

|



used to characterize normal pressure applied on hole surface
and subroutine UTRACLOAD for shear stress. Moreover,
subroutine DFLUX was used to describe the non-uniform
distributed thermal loads applied on hole surface as calcu-
lated through the method proposed in “Sect. 4.3.” For the
loading procedures, they are all characterized along a helix
path which is consistent with the real drilling process, and
it can be expressed as variation of x-, y- and z-coordinates
as follows:

D t
x(t) = 7" cos(—2r - T—N) (14)
D . t
NOES 2 - sin(—2r - T—N) (15)
_ t
W)=z —f" T (16)

where D is the drill diameter, ¢ the current time, and T, the
time required for a single rotation, z, is used to show the
initial position of z-direction. When the distance between
nodes and the trajectory described by Eqs. (14) ~(16) lie
within a certain value of w, which is the width of margin and
equals to 0.85 mm in this study, the contact between drill
and workpiece will occur and loads will be applied.

5.2 Heat transfer conditions

During drilling process, heat transfer will occur for work-
piece material due to different contacts, which can be pri-
marily attributed to three different pairs, which are drill and
workpiece, air, and workpiece, and also cryogenic coolants
with workpiece under cryogenic conditions, respectively. For
precise description of heat transfer process by conventional
cutting simulation, interactions between different phases like
solids, liquids, and gases are essential to be implemented,
which is very difficult and time-consuming. As a result, in
this study, a developed description of heat transfer process
between different materials and phases is implemented into
the numerical simulation through a detailed characteriza-
tion of heat convection coefficients. For this purpose, several
assumptions require to be made in advance:

e Heat transfer between drill and workpiece is a solid-
to-solid heat transfer. Therefore, as presented by Igbal
et al. [42], interfacial heat transfer coefficient between
workpiece material and cutting tools used in machin-
ing simulations always fall within a large range of
1 x10%*~ 1 x 108 W/m?eK in order to describe a perfect
thermal conductance. Also, some lower coefficients
ranging from 1x 10~ 1 x 10* W/m?eK were reported by
references [43—45] for titanium alloys, respectively. As

a result, a sensitive test with coefficient ranging from
5%10°~1x10° W/m?K and inverse identification with
experimental data were carried out, which shows the
value of 1x10° W/m?eK can present good results for
both characterizations of temperature and displacements,
and it was then used in this study.

e For dry cutting condition, the layer with removed mate-
rials and without tool contact will have heat convection
with air.

e For cryogenic cutting condition, LN, will remain liquid
phase when it contacts the workpiece material, and it will
transform into gas phase as soon as the contact occurs.
For liquid phase, the value of heat transfer coefficient can
be characterized as illustrated in “Sect. 4.4,” and for gas
phase the value is referenced from literatures [18, 23] as
30 W/m?eK, and the temperature for both gas and liquid
phase nitrogen will be — 196 °C, the boiling temperature
of LN,.

Under these assumptions, the heat transfer conditions for
both dry and cryogenic cutting can be described as Fig. 13.
In this study, cryogenic LN, was driven through the inter-
nal lubricant holes of the drill, which has a difference in
phase angle with margin, as shown in Fig. 2; this phenom-
enon is implemented through user-defined subroutine FILM.

6 Results and discussions
6.1 Temperatures in hole surface

Drilling is a fully coupled thermomechanical process, and
the key difference between dry cutting condition and cryo-
genic cutting condition is thermal effect, which can be well
described through measuring temperatures. As illustrated in
“Sect. 3,” temperatures are measured through thermocouples
installed with 1 mm distance away from hole surface and
5 mm away from the top surface, so the validation is carried
out through the simulation results at the same position, as
shown in Fig. 14.

A good agreement of temperature history has been
obtained between simulation and experimental results for
both dry and cryogenic cases, while the maximum values
of temperatures are not reached due to the 5 mm distance
away from the top surface. The maximum values of tem-
peratures in simulation results and experimental data are
validated as well, which shows a similar result with tem-
perature around 200 °C. Figure 14 shows the comparison
of temperature history, which does not reach the maximum
due to the testing location and time, as temperature variation
is time-dependent, while 5 s is not enough for this location
in simulation. However, the highest temperature is reach-
able for higher locations as margin will pass them firstly and
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Fig. 14 Comparison of tem-
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Table 6 Experimental and
numerical results of max/min
temperatures under machined
surface

they have enough time for temperature to evolve; as a result,
Table 6 presents the comparison of max/min temperatures
between experimental results and numerical simulation,
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where minimum values show the lowest temperature induced
by the cooling down through cryogenic coolants within the
time period of 5 s.




Moreover, the locations for measuring temperature are
1 mm distance away from hole surface, and the actual tem-
perature at exact surfaces is difficult to directly obtain during
drilling process; as a result, simulation results are used to
present these related data, as shown in Fig. 15, where the
dotted lines show the same values as presented in Table 6.
A discontinuous temperature distribution with a certain
frequency is obtained, as heat flux can be regarded as a
frequently distributed thermal load induced by drill mar-
gin, which shows a same frequency with respect to rotation
speed. As a result, a thermal load will be applied on the sur-
face when margin passes the related material point, so that
a transient high temperature will be obtained, then it will
decrease rapidly with the departure of the margin from this
point, and finally turn into a stable value when the contact is
finished. Meanwhile, the gap between surface temperature
and temperature with distance is quite large, which is due to
the extremely low thermal conductivity induced slow heat
transfer speed and large temperature gradient.

Moreover, from Fig. 15, for dry condition, the transient
temperatures on hole surfaces are extremely high, which will
induce severe tool wear, while for cryogenic condition, the
maximum value of transient temperatures on hole surface is
less than 30% of that in dry cutting condition, and tool life

a)

will be significantly improved as the tool wear is primarily
induced by thermal accumulation in drilling process. Mean-
while, temperatures will be soon transferred into negative
under cryogenic cutting condition due to the continuous pro-
jection of LN, applied on hole surface; as a result, excessive
heat will be brought away and related thermal expansion will
be limited, so that heights of contact are decreased rapidly
under cryogenic condition as reported by Merzouki et al.
[15]. Moreover, with the rapid variation of temperature
history and different temperature distribution between dry
and cryogenic conditions, deformation mechanisms will be
significantly changed as well, which will be discussed in
following section.

6.2 Deformations along hole contour

During drilling process, the fully coupled thermomechanical
loads applied on hole surface will induce elastic and plastic
deformations, and plastic portion always leads to the perma-
nent deformation, while elastic portion can show additional
and excessive deformation and can be recovered from pre-
vious states. Moreover, during deformation, elastic portion
can spring back and induce an additional interaction between
cutting tool and workpiece with respect to the height of
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Fig. 15 Simulation results of temperature on hole surface at location with 1 mm under machined surface, a schematic for data acquisition, b
temperature history of dry condition and ¢ temperature history of cryogenic condition



contact; as a result, tool wear occurs rapidly and hole quality
will be decreased under this condition. Therefore, limiting
additional contact between tool and workpiece is essential
in the improvement of tool wear and hole quality, which
requires a deep understanding of the shrinkage mechanism
and related deformation components. In this study, deforma-
tion components along hole contour are extracted during the
whole drilling process in simulation through displacements
of hole surfaces, as shown in Fig. 16.

For better description of the deformation history, varia-
tion of displacements along data acquisition line in Fig. 16 is
further extracted with a time increment 0.05 s, which shows
that the shrinkage is primarily induced by recoverable elastic
deformation under cryogenic condition; however, for dry
condition, it turns to elastoplastic deformation, as shown
in Fig. 17.

In this study, the tool-workpiece contact is neglected in
the model, as thermomechanical loads are directly applied
on hole surface, which means that the displacements of hole
contour are purely influenced by the loading condition with-
out implementing the cutting tool. In Fig. 17, the path of
drill movement is represented by the blue curve of perfect
contour, and the displacements of hole contour are analyzed
with the basement of this curve as well. Dotted curves repre-
sent the deformation history during the whole-drilling pro-
cess, which are primarily consisted of elastic deformations,
while the red curve represents the final curve with primary
components of plastic deformation.

In the beginning of drilling process (as shown in Fig. 17
with r=1.0 s), a similar deformation condition is obtained
for both dry and cryogenic cases, as thermomechanical loads
are still unstable at this stage. Meanwhile, the deformation
obtained within this time step is even larger for cryogenic
condition, which is due to the higher mechanical loads
applied on related surface, as shown in Fig. 7, and the larger
material volume of additional interaction under dry cutting

Fig. 16 Displacements along
hole surfaces under different
cooling conditions, a) dry and
b) cryogenic

Data acquisition location

condition is primarily due to the longer height of contact at
this time step. However, with drilling process proceeding,
deviations between dry and cryogenic cases become much
larger. For cryogenic cases, the displacements with respect
to the perfect contour are all positive, which means that
expansion of materials is the dominant phenomenon under
this condition, and the additional contact between tool and
workpiece is primarily induced by the recovery of elastic
deformation with a tiny volume. However, for dry cases,
the displacements of final contour are always negative with
respect to the perfect contour, showing that plastic defor-
mation is also involved in the shrinkage phenomenon; as a
result, the additional interaction between tool and workpiece
is much more severe than that of cryogenic condition; mean-
while, the material volume of contact is also large due to
the longer height of contact. Therefore, tool wear of margin
under dry condition is more severe and the shape of hole
contour will be influenced as well, which can be presented
through cylindricity measured through the device Taylor
Hobson Talyrond 585, as shown in Fig. 18.

For the experimental conditions shown in Fig. 18, cut-
ting tests were stopped for dry cutting condition after 18
cuts when tool breakage occurs, and an obvious variation
has been obtained for the hole contour. While for cryogenic
condition, the tests were stopped after 63 cuts, and the hole
contour still maintains unique with the drill showing a good
performance. Meanwhile, the general tolerance of the hole
is about 25 um for cryogenic cutting condition, while it is
increased to more than 45 pm for dry cutting condition.
Besides additional interaction induced by hole shrinkage
between cutting tool and workpiece as analyzed in previous
paragraph, this enlargement of diameter can also be attrib-
uted to the initial tolerance of drill and formation of built-up
edges (BUEs) [46], which will have a negative influence on
surface quality. This kind of shrinkage occurs not only along
the depth direction but also along the whole circle; in this

Data acquisition location
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study, the circular coordinates with 2.5 mm beneath the top
surface are extracted, as shown in Fig. 19.

From the perspective of simulation, the deformation
along hole surface is not restricted by the contact with cut-
ting tool, and it is performed with respect to the assumed
perfect diameter 12 mm. For cryogenic condition, surface
expansion is the dominant phenomenon with the maximum
expanding distance of 3 um, while for dry cutting condition,
the key phenomenon is transferred into shrinkage with maxi-
mum shrinking distance 7 um. The 3 um expansion in cryo-
genic cutting condition can help to decrease the additional

Additional interaction volume
between tool and workpiece

Final contour

= = =« Drill location

interaction between cutting tool and workpiece, while the
7 um shrinkage in dry cutting condition will enhance the
interaction, which will lead to the increase of tool wear and
decrease of surface quality as a result.

Moreover, experimental data are also obtained with the
same location; however, simulations are performed under the
assumption of perfect contour with diameter 12 mm, which
does not take the tolerances induced by drill geometry and
BUE:s into consideration; as a result, an average tolerance
should be added to the simulation results in order to carry
out the comparison of circular shapes with experimental
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data, which is inversely identified from Fig. 18 as 25 um for
cryogenic condition and 45 um for dry condition, respec-
tively, and the results are as shown in Fig. 20.

With implementation of the geometrical and machining
tolerances, a good agreement has been obtained between
experimental data and simulation results; meanwhile,
from experimental data, the fluctuation of the circle shape
is more severe under dry cutting condition, which should
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be attributed to the shrinkage induced additional interac-
tion between tool and workpiece as well. As a result, hole
shrinkage induced negative displacements along hole con-
tour, including both dimensions along depth direction and
the circle shown from Fig. 17 to Fig. 20, can significantly
increase the additional interaction between tool and work-
piece material, which will lead to severe tool wear and poor
surface quality, and cryogenic assistance is a good solution



Fig.20 Comparison of circle
shapes between experimental
data and simulation results

at 2.5 mm under top surface
for dry and cryogenic cutting
conditions

12080
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to eliminate the shrinkage induced negative displacements
in order to improve tool life and hole quality.

7 Conclusions

In this study, a hybrid modeling approach consisted of
experimentation, analytical model, and numerical simulation
is presented to characterize the hole shrinkage mechanism
in drilling of Ti6Al4V under both dry and cryogenic cutting
conditions, good agreements have been obtained between
experimental data and simulation results, which performs
an in-depth understanding of deformation states during the
whole process in drilling, and conclusions can be drawn as
followings:

e Hole shrinkage is primarily induced by variation of hole
contour induced by elastoplastic deformation during
drilling process, and elastic portion is a permanent part
appearing in both dry and cryogenic conditions, as elastic
deformation is always recoverable and prone to induce
contact with workpiece material.

e Hole shrinkage induced by plastic deformation has a
continuous influence on tool wear and surface integrity,
which will decrease tool life and introduce damage to
surface quality due to the decrease of cutting perfor-
mance induced by the wear of margin, and it should be
well prevented.

¢ Cryogenic assistance is an effective method in restrict-
ing plastic deformation induced hole shrinkage, as this
portion is strongly dependent on thermal effects like
thermal expansion, which can be well eliminated by
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Circle-DRY-Simu-with
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ooo

cryogenic liquids as most heat will be brought by cool-
ants and materials will show an opposite deforming
direction at low temperatures.

This approach presents a potential for investigating sur-
face integrity of machined parts with supply of coolants
without applying complicated solid structure interaction
process, which shows both good accuracy and high calcu-
lation efficiency.
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