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Abstract

Galvanized steel is broadly employed in metal roofing, air conditioning duct, support beams, construction materials, and
domestic appliances, etc. In conventional drilling method has limitations such as asymmetrical holes, as well as formation
of crack inside the hole made in sheet metal. This problem was entirely exterminated in thermal drilling (TD) process. In
the course of TD process, the high temperature was developed due to rotational and feed rate of thermal drill into the
workpiece. Owing to this reason, the thermal drill pierces workpiece effortlessly. However, in this process, workpiece
deformation is very high; therefore, finite-element simulation is used to study the material flow which is challenging in
experimental method. According to finite-element method (FEM), the finite-element analysis of TD process was conducted
by the DEFORM-3D simulation software. The aim of this study is to conduct an experimental investigation of TD process
on galvanized steel (GS), and then, it is compared to numerical results obtained from the FEM. Between experimental and

FEM simulation of TD process, a good relationship was found.

Keywords Thermal drilling - Material flow - Temperature distribution - Optical microstructure - Simulation

1 Introduction

TD process is a bush-forming procedure beneficial towards
thin sheet material for joints and tapping [1, 2]. In such
processes, there is no material elimination takes place, and
meanwhile, the bush or sleeve is formed from the base
material. This process is also known as forming drilling,
flow drilling, thermo-mechanical drilling, and friction
drilling. In general, in TD process, the tungsten carbide
material was employed as drilling tool. This process is
completed with the consequent stages, as shown in Fig. 1.
In the first stage, the drilling tool tip moves towards the
workpiece, and therefore, it starts to penetrate into the
workpiece. In the second stage, because of frictional
effects, the high temperature is created at the contact zone.
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Then, in the third stage, due to thermal energy, the work-
piece becomes softened, and then, drilling tool penetrates
smoothly down to produce the bushing around the drilled
hole. At the fourth stage, the drilling tool returns towards
starting position.

In this process, the workpiece material deformation is
very high, and also generates high temperature at the
interface of tool and workpiece [3-5]. For that reason,
finite-element model is important to be familiar with the
flow of deformed material, temperature distribution, stress,
and strain rate, which is complicated to analyse experi-
mentally in TD process. Miller et al. [6] developed semi-
empirical analytical model according to contact pressure
and temperature towards forecasting the thrust force and
torque in TD process. This simplified analytical model is
incapable to offer a detailed analysis of the deformation of
workpiece material. The same author [7] studied the
thermo-mechanical performance of TD process by the
ABAQUS/EXPLICIT FEM software. In their investigation,
they used 3D finite-element model since the deformation of
the workpiece is in the rotational direction. Krasauskas
et al. [8] performed experimental and finite-element anal-
ysis of TD of AISI 304 steel material. They examined the
temperature distribution, torque and thrust force. Bilgin
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Fig. 1 Stages in thermal drilling
a Step 1: centering. b Step 2:
piercing. ¢ Step 3: bushing
formation. d Step 4: finishing

Extruded burr

(©)

et al. [9] developed finite-element model by the DEFORM-
3D software to compute the torque, thrust force, and heat
transfer coefficients in the TD process of AISI 1020 steel.
Miller et al. [10] carried out experiments on TD of Al 5052,
titanium, AISI 1020 steel, and AISI 4130 steel and care-
fully studied about the microstructural changes during TD
process. They reported that the microstructural changes
happen due to the evolution of high temperature at fric-
tional contact region that subsequently leads larger defor-
mation in the thermally drilled holes in workpiece. Similar
results were reported during experimental investigation on
the modification of microstructure of thermal drilled Al
2024 alloy by Eliseev et al. [11]. The present work con-
centrates on the simulation of material flow and alterations
of microstructure in TD process on GS sheet metal. The
pattern of material flow in GS during TD process was
studied using computation of the DEFORM-3D software
through point-tracking technique.

2 Experimental methods
2.1 Material

In this work, GS workpiece was employed for TD process-
based experimentation. GS was selected to be used as the
workpiece in the present work, for the reason that it is used
widely material in boat building, roofing material, door,
and domestic appliances. The chemical composition of GS
workpiece in weight percentage is 99.69% Fe, 0.003% C,
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0.006% Si, 0.005% S, 0.018% P, 0.173% Mn, 0.011% 1,
0.031 Cr, 0.001% Mo, 0.002% V, 0.017% Cu, 0.035% Al,
0.001% Nb, 0.004% Zn, and 0.05% Ti.

Tungsten carbide (WC) material was selected for ther-
mal drill tool and it has the following dimensions such as
diameter, d = 6 mm; shank length, L, = 20 mm; shoulder
length, Ly, = 8 mm; cylinder length, L., = 15 mm; coni-
cal length, L., = 5 mm; center length, L.. = 2.5 mm. The
conical angles ¢ is 45 degrees and center angle © = 90°.
Thermal drill geometric and developed tool are shown in

=) E
(a)

(b)

Fig. 2 a Geometry of thermal drill. b Developed thermal drill



Journal of the Brazilian Society of Mechanical Sciences and Engineering (2018) 40:162

Page 3 of 10 162

Fig. 2a, b, respectively. The properties of GS workpiece
and tungsten carbide tool material are shown in Table 1.

2.2 Thermal-drilling (TD) processes

In this work, TD-drilling experiments were carried out on
vertical drilling machine with 0.1-11 kW and 3 Phase
Variable Frequency Drive. The schematic arrangement of
TD process is shown in Fig. 3. The workpiece of GS has a
cross-sectional dimension of 20 mm diameter and 2 mm
thickness. The parameters involved in this work are dis-
played in Table 2. During the process, workpiece temper-
ature was measured by non-contact-type Infrared Red
thermometer (IRT). The workpiece temperature values for
the period of the TD process were noted using IRT with the
DATA TEMP MX software. Furthermore, microstructural
characterization of thermal drilled GS workpiece was
determined using de-wintor inverted trinocular metallur-
gical microscope (DITMM) attached with 0.01 mm
OCCULAR scale and has the magnification of 50x-—
1000x%.

3 Finite-element simulation

The simulation method applied in this TD process is sim-
ilar to the method typically used in friction stir spot
welding (FSSW), because both TD and FSSW processes
involve the similar working principle. That is in those
processes, a rotating tool is employed to form the frictional
contact and create high temperature at the interface. As a
result, the joining of two materials in FSSW process and
forming a hole in sheet metal in TD process will happen.
This is the only one important dissimilarity which has to be
followed in both FSSW and TD processes [7].

With the aim to simulate the TD process of GS work-
piece, the DEFORM-3D software was chosen together with
the formulation of Arbitrary Lagrangian—Eulerian (ALE).
This is the finite-element method-based simulation soft-
ware which is used to computing the different forming and

Table 1 Thermal and mechanical properties of tungsten carbide and
galvanized steel

Properties Tungsten carbide Galvanized steel
Melting point, °C 2870 1538

Thermal conductivity, W/m K 88 18

Poisson’s ratio 0.22 0.2

Young modulus, GPa 686 200

Shear modulus, GPa 283 78

Thermal expansion, 107K 7.1 6

heat treatment problems in metal-forming operations and
developed by the industries of scientific-forming tech-
nologies corporation. It has the ability to modeling and
investigating of complex 3D material flow patterns. By the
way of simulation of manufacturing process using com-
puter, the designers or engineers become able to predict the
material flow before experimental test leads to decrease the
consumption of material and production costs. The suc-
ceeding assumption has been efficiently utilized in this
simulation. They are: (a) thermal drill tool model is con-
sidered as rigid form; (b) workpiece model is considered as
rigid visco-plastic form; (c) coefficient of friction at the
interface is constant; and (d) heat losses due to radiation
was small.

3.1 Governing equations

In this TD process, the thermo-mechanical analysis was
successfully accomplished by solving the following conti-
nuity equation, momentum equation, and energy conser-
vation equation together with properties of the material.
According to normality principle, the mechanical property
was designated [12]:

8 = 2drut (1)
dr = E[ay,] = 15[ |0, = ¥y @)

G, =/ 1.50,-8;, € =1/0.6667dg - dg (3)

where df is the deformation rate; o, is the deviatoric stress
tensors; 7, is the Von Mises yield stress; € is the effective
strain rate; and u is the viscosity. From Eqs. 1-3, the vis-
cosity ,u(é_, T) is the function of strain rate € and tem-
perature T and the Von Mises yield stress @,(7) is the
function of temperature (7):

n=033[7/e]. 4)

According to conservation of momentum principle [12],
the following equation (5) has been obtained as given
below:

V.o +pa=p [dv/dt} (5)

where g., p, and a are the Cauchy stress tensor, density,
and acceleration, respectively; V and t are velocity vector
and time, respectively, whereas d/dt is the derivative of
material time as well as the density p (7) which is the
function of temperature (7).

The following equation (6) denotes the continuity

equation [12] used for this process, where a/at is derivative
of spatial time:

V-V =%y (6)
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Fig. 3 Schematic diagram of

GRAPHICAL DISPLAY OF ONLINE

thermal drilling process TEMPERATURE MEASUREMENT
<—DRILLING HEAD l
NON CONTACT INFRARED
SPINDLE THERMOMETER COMPUTER
L —
THERMALDRILL [
<
SUPPORTING
WORKHOLDING STAND
DEVICE
N BUSHING FORMED IN WORKPIECE
[ o
Table 2 Thermal drilling Process parameters Values lateral surface of workpiece model was arrested in all X, ¥,
process parameters : _ _ and Z directions to avoid the fluctuation during the simu-
Rotational speed, rpm 2400 lation process. All surfaces of the workpiece and thermal
Feed rate, mm/min 200 drill model were under the boundary conditions of natural
Tool angle, degree 45 convection with 20 W/m® K, shear friction factor at the

Based on the law of energy conversation [12], the fol-
lowing equation (7) can be derived as

pe, A1) =V - (K,VT) + ¢, (7)

where ¢, and K; are the specific heat capacity and thermal
conductivity, respectively; g, is the rate of heat generation;
thermal conductivity K;(T) is the function of temperature;
and the subsequent equation (8) represents the heat gen-
eration rate 4, [12], where Cs is the correction factor:

4y = Gy - dg. (8)

The convective heat transfer coefficient 4. obtained by
Eq. (7) is given below in Eq. (9), where T is the temper-
ature of surroundings:

b= KT ) )

3.2 Boundary conditions and mesh

To execute the TD process, the DEFORM-3D finite-ele-
ment simulation software was used. Table 3 shows the
simulation parameters used in this work. The workpiece
model has the dimension of 20 mm diameter and 2 mm
thickness. The model of the workpiece was made using the
model creating features in the DEFORM-3D software. The

@ Springer

tool, and workpiece was fixed at 0.6 and surrounding
temperature of 20 °C. However, the SOLIDWORKS 2014
modeling software was used to produce the STL format file
of 3D geometric model of thermal drill, and then, this
model was imported into the program of the finite-element
DEFORM-3D software. The materials designated for
finite-element models of thermal drill tool and workpiece
were tungsten carbide and GS workpiece, respectively. The
thermal drill tool was modelled as a rigid body, because it
is not for the determination of stress and strain rate. The
workpiece was modelled as a rigid visco-plastic body.

The process of meshing is implemented for finite-ele-
ment simulation. The tetrahedral element mesh structure is
selected for these models. Workpiece mesh structure con-
tains 25,071 elements and 8450 nodes and tool mesh
structure contains 10,826 elements and 5541 nodes. The
mesh size ratios of 0.2 and 0.1 were selected for thermal
drill tool model and workpiece model, respectively. The
assembled mesh structure of tool and workpiece is shown
in Fig. 4. As shown in Fig. 4, rotational speed
(S) 2400 rpm on its Z-axis and feed rate (F) 200 mm/min
in the same direction were applied towards thermal drill
tool model.
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Table 3 Simulation parameters
used in the DEFORM-3D

Software

Parameters Conditions

Rotational spindle speed, S 2400 rpm

Feed rate, F 200 mm/min

Shear friction factor 0.6

Workpiece shape and conditions Cylinder and fixed at lateral surfaces
Room temperature 20 °C

Workpiece shape
Tool type, shape
Mesh generation method

Mesh size ratio of workpiece and tool

Simulation controls

20 mm diameter, 2 mm thick
Rigid, conical

Adaptive mesh

0.1 and 0.2

Lagrangian incremental
Simulation steps—10,000
Step increment to save—25

Sparse solver

Fig. 4 Mesh and boundary
conditions

CURSIM : 1

NSTEP : 10000
STPINC : 25

PDIE : 2

SMAX:0 0 25
DTMAX : 3.42783e-05
ENVTMP : const 20 C

Clamping

4 Results and discussion
4.1 TD material flow appearances

During the course of TD process, the identity of the
movement of workpiece material is challenging by the
conventional analytical approach, because it is directly
influenced by the effect of rotational speed and feed rate.
Therefore, by knowing alterations in the physical structure
of the material in TD process, it is important to select the
parameters such as rotational speed and feed rate for TD
process. The DEFORM-3D simulation software is capable
to visualize the pattern of flow happening in this process.
The workpiece material flow in TD process could be
examined effectively by the way of point-tracking tech-
nique [13, 14]. The nine tracer points were set at the region

SMODE : Non-isothermal

Feed

Rotation
mTungsten Carbide

Galvanized steel

of TD process in the workpiece material. These points were
used to find the movement of material during the period of
the drilling process. Figure 5 shows the numbering of nine
tracer points which was assigned the number from 1 to 9.
First, locate the three trace points P1-P3 on the drilling
zone Z-axis line with an incremental depth of 1 mm from
the upper surface of workpiece towards the downward
direction. Then, locate the trace points P4—P6 and P7—P9
at the distance of 1 mm from the central axis (X0, Y0, and
Z0). Table 4 shows the coordinate points for P1-P9 used in
this simulation study of TD process. Rotational speed and
feed rate of the thermal drill are set as the following values
such as 2400 rpm and 200 mm/min, respectively. 2 mm
thickness GS workpiece is used for this analysis. At the
initial stage, the thermal drill just comes into touch with the
upper surface of the workpiece. As a result, there is no
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Fig. 5 a Initial points’ position on the thermal drilling zone
designated for material flow analysis. b Material flow during piercing
of center zone of thermal drill. ¢ Separation of lower surface of
galvanized steel. d Material flow during piercing of conical zone of

material flow happens at this stage, as shown in Fig. Sa.
Then, in the second stage, the thrust force plays the main
role, while the center zone of drill penetrates into the
workpiece. Consequently, the upper portion of GS work-
piece is compressed ahead at this stage and leads to move
downward. The upper tracer points P4, P1, P7, P2, and P3

@ Springer
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thermal drill. e Material flows during formation of hole in galvanized
steel. f Final position of points after formation of bushing around the
hole in galvanized steel

are displaced from the initial position, which is displaced in
Fig. 5b, c. At the moment, Point P4 and P7 jumps to move
upward and center point P1 commences fast to rotate with
the drill as well as P2 and P3 also goes downward.
Meanwhile, friction force at the interface of drill and GS
generates red hotness at the center point P1. Subsequently,
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Table 4 Location of tracer points in GS workpiece model

Tracer points Locations of points

X-axis Y-axis Z-axis

-1
-2

—_ - o O O

-1
-2
— 1
— 1
— 1

-1
-2

O 00 N AN LR W N =
S O O O o O o o o

in the third stage, the conical zone penetrates into the
workpiece after passing of center zone of dill thoroughly.
Figure 5d, e illustrates the entering of the conical zone of
the drill into the workpiece. Due to the more frictional heat
generation, softening at the drilling zone and the conical
zone pierces effortlessly. In this stage, separation of gal-
vanized material occurs owing to produce a hole. By way
of increasing of workpiece temperature under this cir-
cumstance, there is a greater trend to attain the plastic
deformation. The points P2 and P3 are displaced in this
stage with not merely compression force in Z-direction, but
also due to the rotation with the action of shear force in
both X and Y directions. At that time, the points P3 and P2
shifted apart a distance of diameter of the conical zone and
Fig. Se demonstrates the formation of a hole in the work-
piece at the end of this stage. Afterwards, in the final stage,
the cylindrical zone of thermal drill enters into the work-
piece after completely passing through the conical zone.
The points P5, P6, P3, P8, P9, and P2 are shifted in the
lower surface of the workpiece, which is around the ther-
mal drill with almost identical conical zone diameter. The
points P4, P1, and P7 turn in the extended burr of the
workpiece; those points are positioned around the cylin-
drical zone of the thermal drill. Finally, the bush like shape
is formed in the drilling zone, which is shown in Fig. 5f.
The height of bushing formed by the simulation model in
the workpiece of GS is 5.98 mm. As a result, the height is
almost three times higher than the thickness of GS work-
piece (2 mm). The experimental by an obtained value of
bushing is 5.94 mm; when it is compared with the simu-
lation result, minimum error of less than £ 1% has been
observed.

4.2 Finite-element model validation

The validation of simulation results is essential with the
aim to confirm the accuracy of this model. Therefore, it is
substantial to validate it by means of comparing this sim-
ulation result with the experimental result. Using the peak
temperature occurred during TD process on GS workpiece
as a basis the finite-element simulated model is confirmed.
By this way in Fig. 6, the predicted peak temperature
(709.71 °C) by simulation was compared with the experi-
mental peak temperature (747.12 °C) which is recorded
using IRT with the DATA TEMP MX software. During the
process of TD, the material in the inner surface reaches
visco-plastic stage due to frictional heating between the
tool and the workpiece. In the first few seconds, of the
initial stage of TD process, the material in the inner region
of the workpiece is heated and it flows out in the form of
red hot extended burr at the top surface. Since the infrared
thermometer focussed on this extended burr region which
was being expelled over the top surface, it records the peak
temperature value (747.12 °C) as high as the peak tem-
perature value predicted by the simulation software at the
inner region (709.71 °C). It has been observed that both the
simulated and experimental values have a high degree of
closeness with a deviation & 5.27%. Deviation of simula-
tion results from experimental results may be attributed to
the assumptions made in numerical modeling. The simu-
lation model result of temperature distribution during the
various stages of TD process is shown in Fig. 7. The pre-
diction of peak temperature distributed inside the hole,
while TD process occurred at the various simulation steps
such as 1600, 2825, 4000, and 10,000 are 380, 390, 490,
and 710 °C are simulated and studied.

784
762-
740 ]
718
696-
674
652-
630-

Peak workpiece temperature (OC)

Simulation Experimental

Fig. 6 Validation of simulation and experimental result
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Fig. 7 Temperature
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4.3 Microstructural investigation

Thermal drilled GS workpiece was mounted on Bakelite,
and then, burrs are removed by means of polishing. Then,
workpiece fixed on Bakelite is placed over the rotating disc
of the polishing machine. Polishing operation was carried
with very fine flaky powder for 3 min. Approximately
0.025 mm of workpiece material was detached. Using
metallurgical microscope at 100x magnification, the
microstructure of thermal drilled GS material was anal-
ysed. Under the processing conditions of 2400 rpm, rota-
tional speed and 200 mm/min feed rate. Figure 8a shows
the cross-sectional view of thermal drilled GS. The
microstructure of the GS before TD process is given in
Fig. 8b. Non-equiaxed grains are observed in the parent
material before TD process. During TD process, because of
the heat, input recrystallization of grains is observed, as
shown in Fig. 8c. Closely packed equiaxed grains are
observed. Furthermore, heating during the process results
in reduced grain structure, as shown in Fig. 8d. Inward
grain flow is visible in Fig. 8e, f, as well as fibre lines that
are stream lined along the direction of the axial movement
of the tool. Due to rotational speed 2400 rpm, the intense
heat is produced at the interface of thermal drill and GS
workpiece. This was enough to increase the temperature of
GS workpiece to its plastic state and become softer. Due to
stirring action of the thermal drill, while the center region
enters into the GS material, the recrystallization phe-
nomenon [15] happens in that region. After piercing of
center region, the conical and cylindrical regions of the
thermal drill were entering into the GS material; the grain
structure was elongated towards the downward direction.

@ Springer

Step 2825

Temperatgraeo ) Temperatgrseo (&)

340
300

66
207 M 202
80 Max 30 Max
Xy (b) XY

Temperature (C]
pe 490()

Step 10000 Temperatl;geo(c)

430 620

280

140 190

79 110

20 20
202 Vi £9
480 Max 0 Max

X Y (d) X v

Furthermore, TD process causes austere plastic deforma-
tion of GS workpiece and leads to produce high tempera-
ture. As a result of high drilling temperature (747.12 °C),
zinc in the GS workpiece gets evaporated at 420 °C from
the drilling zone [16]. The micrographs from Fig. 8c—f
show the alternation in grain structure of GS workpiece due
to the reason of heat generation during the process. While
the GS workpiece material is heated to peak temperature,
the rearrangement of carbon particles takes place. Conse-
quently, after drilling process, while the GS drilled hole
was cooled, the ferrite structure is produced. The allotri-
omorphic ferrite [17] was formed as a consequence of
2400 rpm rotational speed and the similar trend was
observed in all the micrographs of thermal drilled GS
workpiece.

5 Conclusions

In this present investigation, three-dimensional thermo-
mechanical coupled simulation model of TD process on GS
workpiece has been successfully established and compared
with the experimental value. The significant outcomes
could be summarized as follows:

1. The peak workpiece temperature is effectively corre-
lated between the finite-element simulation results
(709.71 °C) and experimental results (747.12 °C)
during TD process on GS workpiece. The obtained
peak temperature is approximately 0.56 times the
melting temperature of GS workpiece.
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Fig. 8 a Cross-sectional view of thermal drilled galvanized steel. b Optical microstructure of GS workpiece before thermal drilling. ¢ Optical
microstructure at A. d Optical microstructure at B. e Optical microstructure at C. f Optical microstructure at D

2. The results of point tracking technique (P1, P2, P3,
P4, PS5, P6, P7, P8, and P9) precisely validate the
bushing shape in the drilled zone. The upper surface

material is moved partially upward and downward at
the moment of stirring of the thermal drill in GS
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workpiece. The movement of lower surface material is
displaced downward to form the bush around the hole.
Bushing length of simulation model (5.98 mm) is
fabulously correlated with the experimental bushing
length value (5.94 mm) under the condition of TD
process such as 2400 rpm rotational speed and
200 mm/min feed rate. Hence, this simulation model
is validated with the experiment of TD process on GS
workpiece.

The optical microstructural investigation on cross-
sectioned thermal drilled workpiece of GS workpiece
is studied efficiently.
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