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DEVELOPMENT OF FEM SIMULATION TECHNIQUE FOR THE SEARCH OF 

OPTIMUM DRILLING PROCESS CONDITIONS 

The requirements for machining include higher precision and productivity. To achieve these, measures against 

thermal deformation of machine tools and forced cooling of cutting heat are necessary. In recent years, there is 

also strong demand for energy-saving, resource-saving and environmentally friendly manufacturing in response 

to the SDGs and carbon neutrality. Under these conditions, it is an extremely difficult task to determine the 

optimum machining conditions while taking into account the need for high precision and improved productivity. 

In drilling, too, it is desired that the optimum drilling conditions can be determined instantaneously, but the variety 

of workpieces and drills makes it difficult to find the optimum drilling conditions for them. In this study, the FEM 

simulation technique that can calculate drill tip temperatures with high accuracy for the inputs of workpiece and 

drill materials, hole diameter and hole depth instructions and machining conditions (drill speed, feed rate, step 

feeding and forced cooling specification) in drilling was developed and evaluated in the experiment. The results 

showed that the proposed FEM simulation technique could calculate the drill edge temperature with high accuracy 

and quickly, easily. Therefore, it was effective as a tool for searching for optimum drilling conditions. 

1. INTRODUCTION 

The requirements for machining include higher precision [1, 2] and productivity. To 

achieve these, measures against thermal deformation of the machine tool [3–10] and forced 

cooling [11–14] of the cutting heat are necessary. In addition, the cutting of difficult-to-cut 

materials such as titanium alloys and nickel alloys, which are materials for aerospace industry 

parts [15], requires a large amount of cutting fluid and electrical energy for forced cooling 

[16, 17] as a measure against cutting heat. Furthermore, in recent years, there is a strong 

demand for manufacturing that is environmentally friendly, in response to the SDGs and 

carbon neutrality [18]. It has also been pointed out that wet machining using large amounts 

of cutting fluid has adverse effects on worker health and the global environment [19]. Under 
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these conditions, it is extremely difficult to determine the optimum machining conditions 

while taking into account the need for high accuracy and improved productivity. In drilling, 

it is desirable to instantly determine the optimum drilling conditions, but the variety of 

workpieces and drills makes the search for these optimum drilling conditions difficult. 

 In this study, an FEM simulation technique is developed to instantly calculate the drill 

tip temperature in response to the inputs of workpiece and drill material, hole diameter and 

hole depth instructions, and machining conditions (drill speed, feed rate, step feeding and 

forced cooling specification) during drilling process. Specifically, first, a model for 

calculating the cutting heat generated on the drill tip during drilling process is constructed 

using cutting theory [20, 21]. Next, a technique is developed to calculate the maximum 

temperature change at the drill tip using the calculated cutting heat generation and FEM 

unsteady thermal deformation simulation. The dynamic drilling simulation is simulated by 

using FEM transient thermal simulation with the time-dependent heat generation, heat 

transfer coefficient and thermal conductivity in the static implicit software SOLIDWORKS 

2023. This dynamic drilling simulation includes step feeding, forced cooling and chip 

removal, but not forced cooling by through-holes. Experiments are then carried out to evaluate 

the proposed FEM simulation technique and, finally, machining condition search 

considerations for productivity are also discussed. Note that these analyses are generally 

difficult to perform with static implicit FEM, which does not have the ability of remeshing or 

delete elements during the calculation. 

2. BUILDING A MODEL OF CUTTING HEAT GENERATION DURING DRILLING 

PROCESS BY DIVERTING 2D CUTTING MODEL 

In this chapter, a calculation model for cutting heat generation during turning is first 

developed using the two-dimensional cutting model cutting theory [20, 21]. The calculation 

model is then used to construct a calculation model for cutting heat generation during drilling 

process. 

As shown in  Fig. 1, a 2D  cutting  model is used to calculate  the  heat  quantity Qt [W]  

 

Fig. 1. Schematic view for 2-dimension  

cutting model 

Fig. 2 Schematic view of the calculation models 
using the 2D cutting model for the drilling 
process 
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flowing into the tool, Qw [W] into the workpiece and Qc [W] into the chips from the machining 

conditions. The cutting heat is composed of three components: heat generated by the plastic 

deformation of the shear surface, frictional heat between the chip and the tool rake surface, 

and frictional heat between the tool relief surface and the workpiece. The frictional heat 

between the tool relief surface and the workpiece is small and will not be dealt with further 

in this study. The heat quantity Qt [W] flowing into the tool is shown in Equation (1), the heat 

quantity Qw [W] flowing into the workpiece is shown in Equation (2) and the heat quantity 

Qc [W] flowing into the chip is shown in Equation (3) [20]. 

Qt =  qf A2 (1 – R2) (1) 

Qw=  qs A1 (1 – R1) (2) 

Qc=  qs A1 R1 + qf A2 R2 (3) 

 

Where,    R1 = 

 

 

 

R2 = 

 

 

θs = 

 

 

S = (2/π){(2l /b) sinh-1(b /2l)+sinh-1(2l/b)+b/6l+1/3(2l/b)2-1/3[ (2l/b)2+√1+(b/2l)2 ]} 

 

A1= b t / sinφ ,  qs =                  

 

A2 = l b,  qf =              [1 + sin(γ - φ)] 

 

l = (t τs / τf )(cosγ / tanφ + sin γ - 1)   

 

τs = k tanφ / 1 + tanφ,  τf = 0.3 σ G / E,  φ = π/4 + γ/2 - β/2,  β = tan-1μ 

where R2 is the ratio of frictional heat at the rake surface flowing into the chip [-], A1 is the 

area of the heated spot on the shear surface [m2], A2 is the area of the heated spot on the rake 

surface [m2], qf is the heating value per unit time and unit area at the rake surface [W/m2], qs 

is the heating value per unit time and unit area at the shear surface [W/m2] and θs is the average 

temperature change of chips due to shear heat [K]. S is the shape factor [-], V is the cutting 

speed [m /min], t is the depth of cut [mm], b is the cutting width [mm], k is the specific cutting 

resistance [kgf/mm2], γ is the rake angle [rad], φ is the shear angle [rad] and β is the friction 

J0 b t cosec φ 

tbV [kcos φ-τs (cot φ-1)] [cosγ / cos(φ–γ)] 

k t b V sinφ 

√2 J0 l 

1 

V cos γ 
4 kc sinφ cos(φ - γ) / cc ρc 

1+ [0.663 cos γ / sinφ cos(φ - γ)] /                         

  +  
bS     θs 
2kt    qf 

bS 
2kt 

0.377 √4 l cos(φ - γ) / kc cc ρcV sinφ  +  

k √V t sinφ cos(φ - γ)  

 J0 √cc ρc  (√V t cc ρc sinφ cos(φ – γ) + 0.663 √4 kc 

cosγ(cotφ+sinφ)(cotφ+tanγ) 
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angle [rad].  kc is the thermal conductivity of the chip [W/mK], cc is the specific heat of the 

chip [J/kgK], ρc is the density of the chip [kg/m3], σ is the tensile strength of the workpiece 

[Pa], E is Young's modulus [kgf/mm2], G is the shear modulus [kgf/mm2], µ is the friction 

coefficient [-], l is the rake surface contact length [m] and τs is shear stress [Pa], τf is the rake 

surface friction stress [Pa] and J0 is the heat work equivalent [kgfm/J]. In addition to the 

machining conditions, the heat quantity flowing into the tool Qt [W], the heat quantity flowing 

into the workpiece Qw [W] and the heat quantity flowing into the chip Qc [W] can be 

calculated by entering the physical properties of the workpiece and the friction coefficient 

into Equations (1), (2) and (3). The two-dimensional cutting model can be used as a 

calculation model for the cutting heat quantity during turning. 

The drilling process shown in Fig. 2 is characterized by the fact that the cutting speed 

increases in proportion to the tool radius along the cutting edge from the center of the drill to 

the outer periphery. Here, the cutting speed Vr [m/s] on the cutting edge at 1/2 the drill radius 

in the 2D cutting model was used as the average cutting speed over the entire cutting edge 

length (constant value) to calculate the average temperature on the cutting edge. The average 

cutting speed of the drill, Vr [m/min], can be determined using Equation (4). 

 

Vr ＝              VD ＝ (4) 

 

Where VD is the cutting speed of the drill [m/s], D is the drill diameter [mm] and N is the tool 

spindle speed [min-1]. By inputting the average cutting speed of the drill, Vr [m/s], as the 

cutting speed V [m/s] in Equations (1), (2) and (3), the heat quantity Qt [W] flowing into the 

drill, Qw [W] flowing into the workpiece and Qc [W] flowing into the chips can be calculated. 

The cutting width b [mm] uses the edge length in Fig. 2(b) and the depth of cut t [mm] uses 

the feed per drill revolution F [mm] in Equation (5). 

F = f /2 N  (5) 

Where the denominator of 2 is for a two-blade drill and 1 for a one-blade drill.

As shown in Table 1, the specifications of the workpiece, the tool and the hole are known at 

the preliminary stage of drilling process, and the machining conditions such as drill speed N 

[min-1], feed rate f [mm/min], step amount S [mm], step time Ts [s] and forced cooling can be 

entered into Equations (1), (2), (3), (4) and (5). The heat quantity Qt [W] entering the drill 

edge, Qw [W] entering the workpiece and Qc [W] entering the chips can finally be calculated. 

Table 1. Explanations regarding parameters for the calculation of cutting calorific value 

Tool and workpiece specifications 
Machining 

specifications 
Cutting condition 

Workpiece; Material, Specific heat, 

Density, Specific cutting force, 

Young's modulus, tensile strength, 

thermal conductivity, shear modulus. 

Tool; Material, Thermal conductivity, 

rake angle, nose radius. 

※Coefficient of friction between tool 

and workpiece. 

Hole diameter 

Hole depth 

Number of revolutions N [min-1] 

Feed speed f [mm/min] 

Step amount S [mm] 

Step time Ts [s] 

Forced cooling [-] 

π D  N 

2×1000 

1 

2 
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3. ESTABLISH OF FEM SIMULATION TECHNIQUE FOR DRILLING PROCESS 

3.1. ALGORITHMS FOR NEW FEM SIMULATION TECHNIQUE 

The drilling process is shown in Fig. 3. (a) shows the start of the next step process after 

the previous step process. (b) shows the end of drilling with a step amount of S [mm] and the 

generation of chips. (c) shows the drill being removed from the hole, chip removal, and forced 

cooling. In the drilling process, work is performed in the order (a) → (b) → (c) → (a) → (b) 

→ (c) ・・・・ and drilling is continued until the desired depth is achieved. This step process 

is an important machining process for normal drilling. 

 

Fig. 3. Schematic view of the drilling process 

 

A CAD model for searching optimal drilling conditions is shown in Fig. 4. The CAD 

model in Fig. 4 consists of four models: a drill model, a workpiece model, a chip model, and 

a step feed model. The model is at the end of the previous step process and the beginning of 

the next step feed (the first half of the step process, step amount S [mm]). The dynamic drilling 

process is simulated by FEM unsteady thermal analysis using only this FEM model. The chip 

removal and forced cooling process in the latter half of the step process is also performed 

using this CAD model. Thus, in this study, only the CAD model shown in Fig. 4 is used to 

perform coupled FEM transient thermal simulations of the drilling process in the first half of 

the step process and the chip removal and forced cooling processes in the second half of the 

step process. To simulate this dynamic drilling process with FEM transient thermal analysis, 

a step-feed model was added. A workpiece model and a drill model (Fig. 4) are firstly created, 

then a step-feed model is created based on these models using the cavity and the shell 

functions of the CAD software. The step feed element is made as thin as possible (0.25 mm 
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in this study) to increase the accuracy of the analysis and because it is a virtual model that is 

not originally needed. A chip model is finally created based on the step feed model using the 

cavity function of CAD. The length of chips ℓc [mm] generated by the step feed is calculated 

using Equation (6). 

 

ℓc＝ (6) 

 

Fig. 4. Schematic view of the CAD models for searching of the optimum drilling process conditions 

Where is the drill diameter D [mm], the chip cross-sectional area Ac [mm2], and the step 

amount S [mm]. Table 2 shows the heat source, initial conditions, thermal properties, and 

thermal boundary conditions for the FEM simulation (unsteady thermal analysis) of the 

drilling process. These conditions are also divided into two processes: drilling and chip 

removal/forced cooling, which are repeated until the desired hole depth is achieved. For the 

heat source, the cutting heat value calculated in Chapter 2 was used for drilling, while the heat 

value during chip removal and forced cooling in the second half of the step-feed process was 

assumed 0 [W]. The heat source location is the edge of the drill model (edge width x rake 

surface contact length l, see Chapter 2) and the entire model for the chip model (the heat 

source is the sum of the heat inflow into the workpiece and chips). The overall heat generation 

in the chip model includes the heat generated by the removed workpiece and simulates, on 

average, the movement and heat conduction of chips along the drill groove during the drilling 

process. The initial condition is that the temperature of the entire model is set to 0 K only for 

the calculation of the first drilling process. For the coupled analysis, the model final 

temperature from the previous analysis is used as the initial condition. For the workpiece 

S D2π 

4 Ac 
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model and the drill model, the physical properties of the actual workpiece and drill are used. 

For the thermal boundary conditions of the workpiece model and the drill model, the heat 

transfer coefficient corresponding to the part actually in contact with air or a cooling medium 

is set during the cutting process, and the heat transfer coefficient corresponding to the part 

actually in contact with air or a cooling medium during the chip removal and forced cooling 

processes is set. The chip model sets the heat transfer coefficient only on the top surface of 

the chip in contact with the air or cooling medium during the cutting process (the cooling 

effect is very small), sets the chip temperature to 0 K during the chip removal and forced 

cooling process, and sets the initial chip temperature in the FEM simulation to 0 K during the 

next cutting process. This simulates the chip removal behaviour. The step-feed model is set 

up so that the workpiece, drill, and chips are not in direct contact (like a buffer material), and 

continuous simulation of the drilling process and chip removal/forced cooling process is 

performed by setting the time-dependent thermal conductivity (details are described below in 

Section 3.2). As described above, FEM simulation (unsteady thermal analysis) can simulate 

drilling to a desired hole depth by repeatedly setting the heat source, initial conditions, 

thermophysical properties, and thermal boundary conditions shown in Table 2, while 

repeating the step processes (drilling process, chip removal, and forced cooling process) using 

the FEM model.  

Table 2. Management of heat sources, thermal properties and thermal boundary conditions for FEM simulations 

regarding drilling process 

 

Simulated items During drilling process 
During chip removal and drill 

cooling 
Next 

H
ea

t 
so

u
rc

es
 Workpiece model Nothing Nothing 

R
ep

ea
t 

d
ri

ll
in

g
 a

n
d
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te

p
 p

ro
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ss
 u

n
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l 
d

ri
ll
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p
er
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e 
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Drill model Eq. (1) on the edge of Drill Nothing 

Chip model Eq. (2) and Eq. (3) in Chip Nothing 

Step feed model Nothing Nothing 

In
it

ia
l 

co
n

d
it

io
n

s 

Workpiece model Start time → 0 K, 
From the second time onwards→
Temperature immediately after the 
step process 

Only chip → 0 K, 
Other →Temps. immediately after 
the drilling process 

Drill model 

Chip model 

Step feed model 

P
h

y
si

ca
l 

p
ro

p
er

ti
es

 Workpiece model Original value Original value 

Drill model Original value Original value 

Chip model Same to workpiece Same to workpiece 

Step feed model 

Large thermal conductivity (No 
thermal resistance between 
workpiece and drill). 

Other properties are same to 
workpiece. 

Very small thermal conductivity 
(Insulation between workpiece 
and drill.) 

B
o

u
n

d
ar

y
 c

o
n

d
it

io
n

s.
 

 

Workpiece model Real heat transfer coefficient of 
areas in contact with air or 
cooling medium. 

Real heat transfer coefficient of 
areas in contact with air or 
cooling medium. 

Real heat transfer coefficient of 
areas in contact with the step 
feed model Drill model 

Chip model Upper surface of the chip 
Very large heat transfer coefficient 

(For a simulation of the chip 
removing) 

Step feed model Nothing Nothing 

Chip removal  Chip removal times Nothing 
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3.2. CONSIDERATION OF STEP-FEED MODEL 

The blue box in Table 2 shows how the thermal properties is set for the step-feed model. 

During the drilling process, the thermal conductivity of the step-feed model is extremely high 

(1000 W/mK is used in this study) to simulate direct contact between the workpiece, drill, 

and chips, and during the chip removal and forced cooling processes, the thermal conductivity 

of the step-feed model is extremely low (0.01 W/mK) to simulate that the workpiece, drill, 

and chips do not conduct heat to each other. This is an important model for FEM simulation 

(transient thermal analysis) using a static implicit FEM. 

3.3. CONSIDERATION OF FORCED COOLING 

The green box in Table 2 shows how the thermal boundary conditions for forced cooling 

is set. In the case of forced cooling (cooling with large heat transfer coefficient) with air or a 

cooling medium during drilling process, the actual heat transfer coefficient is set where the 

workpiece and the drill are in contact with the air or cooling medium during the drilling 

process.  

The actual heat transfer coefficient is a value that depends on the physical properties of 

the cooling medium and the wind and flow velocities. During the chip removal and forced 

cooling processes, the actual heat transfer coefficient is also set to the part of the entire 

workpiece and the entire drill that is in contact with the air or cooling medium. Again, the 

actual heat transfer coefficient is set to a value that depends on the physical properties of the 

cooling medium and the wind and flow velocities. During the chip removal and forced cooling 

process, the area near the drill tip is also in a forced cooling state, and if sufficient heat transfer 

coefficient and time can be set, this can have the effect of extending the life of the drill. These 

forced cooling simulations can be optimized by adjusting the machining conditions of the 

step-feed process. 

3.4. CONSIDERATION OF NATURAL CHIP REMOVAL DURING THE DRILLING PROCESS 

The red box in Table 2 shows the natural chip removal points during the drilling process, 

although chip removal is also performed during the chip removal/forced cooling process in 

the latter half of the step-feed model in Section 3.2. The timing of chip removal depends on 

the workpiece material and drilling conditions. The heat supplied to chips during the drilling 

process is extremely large, and the timing of chip removal is an important factor in 

determining the maximum tool temperature rise.  

Natural chip removal during the drilling process can be performed by resetting the chip 

temperature to 0 K, as in the previous step-feed model. This natural chip removal is also 

performed in the coupled analysis. In this case, the heat generation at the drill edge is 

continuous and the thermal conductivity of the step-feed model is small (0.01 W/mK is used 

in this study). 
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4. EVALUATION OF NEW FEM SIMULATION TECHNIQUE 

4.1. DRILLING PROCESS FOR EVALUATION (EXPERIMENT) 

The experimental setup for evaluation is shown in Fig. 5. Aφ12 mm through-hole is 

drilled in the centre of a 30 mm square × 50 mm long, S55C material, and the temperature 

change values at three points on the side of the workpiece are measured using T-type 

thermocouples. The thermocouples are each composed of 0.5 mm copper wire and constantan 

wire, with a measurement temperature range of –200℃ to 300℃. This thermocouple is 

bonded to the workpiece using Aron Alpha (Cyanacrylate-based instant adhesive) adhesive 

and reinforced with silicone bond. The results of these measurements are compared with the 

FEM simulation results in Section 4.2. Table 3 shows the drilling process conditions for the 

evaluation experiments. Experiment No. 1 is the machining condition that is considered 

reasonable (based on preliminary experiments and opinions of skilled workers) based on the 

workpiece material and tool specifications used. Experiment No. 2 is the machining condition 

that is doubled the rotation speed, Experiment No. 3 is the machining condition that is doubled 

the feed rate, Experiment No. 4 is the machining condition that is used no step feed, and 

Experiment No. 5 is the machining condition that is used wet cutting with water-soluble 

cutting fluid. Through these experiments, the proposed new FEM simulation technique is 

examined and evaluated.  

The temperature changes on the side of the workpiece were shown in Fig. 6 to 10. The 

chips after the drilling process were also shown in these figures. These experimental results 

are used to evaluate the analysis results in the next section. 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Schematic view of the experimental set-up for evaluation experiment 
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Table 3. Cutting conditions for evaluation experiment 

Experimental No. 1 2 3 4 5 

Number of revolutions N [min-1] 1200 2400 1200 1200 1200 

Feed speed f [mm/min] 240 240 480 240 240 

Step amount S [mm] 12.5 12.5 12.5 Continue 12.5 

Step time Ts [s] 0.2 0.2 0.2 Nothing 0.2 

Forced cooling [-] Without Without Without Without With 

 

 

Fig. 6. Experimental results of Experimental No. 1 

 

 

Fig. 7. Experimental results of Experimental No. 2 
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Fig. 8. Experimental results of Experimental No. 3 

 

Fig. 9. Experimental results of Experimental No. 4 

 
Fig. 10. Experimental results of Experimental No. 5 
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4.2 EVALUATION OF NEW FEM SIMULATION TECHNIQUE (ANALYSIS) 

Using the proposed new FEM simulation technique, an FEM simulation corresponding  

to the drilling experiment conducted in section 4.1 is performed. The FEM model 

corresponding to the evaluation experiment (See Figure 5) is shown in Fig. 11. The FEM 

model consists of four models: workpiece model, drill model, step feed model, and chip model, 

and has 15693 elements and 25821 nodes. Even when a mesh with twice as many elements is 

cut, the same level of calculation accuracy is confirmed, although it takes more calculation 

time. The analytical conditions for FEM simulations No. 1 (corresponding to Experiment 

No. 1), No. 2 (corresponding to Experiment No. 2), No. 3 (corresponding to Experiment 

No. 3), No. 4 (corresponding to Experiment No. 4) and No. 5 (corresponding to Experiment 

No. 5) are shown in Table 4, respectively. These analytical conditions were calculated using 

the calculation methods described in Chapters 2 and 3. 

 

Fig. 11. Schematic view of the FEM models for searching of the optimum drilling process conditions 

The analysis results of FEM simulation No. 1 are shown in Fig. 12. Figure 12 (a) shows 

the temperature distribution during the drilling process in the first step, Fig. 12 (b) shows the 

temperature distribution during chip removal in the first step. Fig. 12 (c) shows the 

temperature distribution at the end of the second drilling process, Fig. 12 (d) shows the 

temperature distribution immediately after chip removal and forced cooling in the second 

step, Fig. 12 (e) shows the temperature change in each part during the hole drilling process, 

and Fig. 12 (f) shows the temperature change on the side surface of the workpiece 

(experimental result No. 1 in Fig. 6(a) is also shown). 
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Table 4. Analysis conditions for evaluation FEM simulations regarding drilling process 

FEM simulation No.1 for the Experimental No. 1 

Simulated items During drilling process 
(Step amount 12 mm) 

During chip removal and drill cooling 
(Step time 0.2 sec) Next 

H
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t 
so

u
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es
 Workpiece Nothing Nothing 

R
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t 

d
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m
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u
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e 

is
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y
 Drill 67 W×2,  Arar ( 6.2 mm×0.46 mm×2 

Edges) 
Nothing 

Chip  (267 W +436 W)×2 Nothing 
Step feed Nothing Nothing 

Properties of Step feed 
model  

Thermal conductivity: 1000 W/mk 
Other are same to workpiece. 

Thermal conductivity:0.01W/mk 
Other are same to workpiece. 

B
o
u
n

d
a

ry
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n

d
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n

s.
 

 

Workpiece  15 W/m2K, at air contact area 15 W/m2K, at air contact area 
Drill  15 W/m2K, at air contact area 15 W/m2K, at air contact area 
Chip  15 W/m2K, only upper surface 10000 W/m2K at 0 K, only upper surface 

Process times 3.1 sec 0.2 sec 

Chip removal 2 times Nothing 

                     FEM simulation No.2 for the Experimental No. 2 

Simulated items During drilling process 
(Step amount 12 mm) 

During chip removal and drill cooling 
(Step time 0.2 sec) Next 

H
ea

t 
so

u
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es
 Workpiece Nothing Nothing 

R
ep
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t 

d
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Drill 89 W×2,  Arar ( 6.2 mm×0.46 mm×2 
Edges) 

Nothing 

Chip  (436W + 1017 W)×2 Nothing 
Step feed Nothing Nothing 

Properties of Step feed 
model  

Thermal conductivity: 1000 W/mk 
Other are same to workpiece. 

Thermal conductivity:0.01W/mk 
Other are same to workpiece. 

B
o
u
n

d
a

ry
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n

d
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n

s.
 

 

Workpiece  15 W/m2K, at air contact area 15 W/m2K, at air contact area 
Drill  15 W/m2K, at air contact area 15 W/m2K, at air contact area 
Chip  15 W/m2K, only upper surface 10000 W/m2K at 0 K, only upper surface 

Process times 3.1 sec 0.2 sec 
Chip removal 2 times Nothing 

FEM simulation No.3 for the Experimental No. 3 

Simulated items During drilling process 
(Step amount 12 mm) 

During chip removal and drill cooling 
(Step time 0.2 sec) Next 

H
ea

t 
so

u
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e
s 

Workpiece Nothing Nothing 

R
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Drill 108 W×2,  Arar ( 6.2 mm×0.46 mm×2 
Edges) 

Nothing 

Chip  (436 W +997 W)×2 Nothing 
Step feed Nothing Nothing 

Properties of Step feed 
model  

Thermal conductivity: 1000 W/mk 
Other are same to workpiece. 

Thermal conductivity:0.01W/mk 
Other are same to workpiece. 

B
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Workpiece  15 W/m2K, at air contact area 15 W/m2K, at air contact area 
Drill  15 W/m2K, at air contact area 15 W/m2K, at air contact area 
Chip  15 W/m2K, only upper surface 10000 W/m2K at 0 K, only upper surface 

Process times 1.55 sec 0.2 sec 

Chip removal 7 times Nothing 

FEM simulation No.4 for the Experimental No. 4 
Simulated items During drilling process(Step amount 50 mm) 

H
ea

t 
so

u
r

ce
s 

Workpiece Nothing 
Drill 67 W×2,  Arar ( 6.2 mm×0.46 mm×2 Edges) 
Chip (267 W +436 W)×2 

Step feed Nothing 
Properties of Step feed 

model Thermal conductivity: 1000 W/mk, Other are same to workpiece. 
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u
n
d

ar
y

 
co

n
d

it
i

o
n

s.
 

 

Workpiece 15 W/m2K, at air contact area 
Drill 15 W/m2K, at air contact area 

Chip 15 W/m2K, only upper surface 

Process times 12.4 sec 
Chip removal 12 times 

FEM simulation No.5 for the Experimental No. 5 

Simulated items During drilling process 
(Step amount 12 mm) 

During chip removal and drill cooling 
(Step time 0.2 sec) Next 

H
ea

t 
so

u
rc

es
 Workpiece Nothing Nothing 

R
ep

ea
t 

d
ri

ll
in

g
 a

n
d

 s
te

p
 

p
ro

ce
ss

 u
n

ti
l 

d
ri

ll
 t

ip
 

te
m

p
er

at
u

re
 r

is
e 

is
 s

te
ad

y
 Drill 67 W×2,  Arar ( 6.2 mm×0.46 mm×2 

Edges) 
Nothing 

Chip (267 W +436 W)×2 Nothing 
Step feed Nothing Nothing 

Properties of Step feed 
model 

Thermal conductivity: 1000 W/mk 
Other are same to workpiece. 

Thermal conductivity:0.01W/mk 
Other are same to workpiece. 

B
o
u
n

d
ar

y
 

co
n

d
it

io
n

s
.  

Workpiece 300 W/m2K, at coolant contact area 300 W/m2K, at coolant contact area 

Drill 300 W/m2K, at coolant contact area 300 W/m2K, at coolant contact area 

Chip 300 W/m2K, only upper surface 10000 W/m2K at 0 K, only upper surface 

Process times 3.1 sec 0.2 sec 

Chip removal 2 times Nothing 



22 I. Tanabe / Journal of Machine Engineering, 2026, Vol. 26, 

 

 

Fig. 12. Calculated results for FEM simulation No. 1 

The step feed model and the algorithm for chip removal during the cutting process are 

functioning. The forced cooling algorithm is functioning, but the step time is too short to fully 

demonstrate its forced cooling capability. In Fig. 12 (f), even though the analytical model is 

a fixed model at a hole depth of 25 mm, a comparison of the temperature rise at point B shows 

that the analytical results correspond well to the experimental results, and the proposed 

drilling simulation technique is considered to be valid. 



I. Tanabe / Journal of Machine Engineering, 2026, Vol. 26  23 

 

The analytical results of the maximum temperature change at point B of the workpiece 

for the five analytical conditions are shown in Figure 13. For evaluation purposes, the 

experimental results from Section 4.1 are also shown. The experimental and analytical results 

for No. 1, No. 2, No. 3, No. 4 and No. 5 all correspond accurately to each other, and the 

proposed new FEM simulation technique is considered to be effective for simulating drilling 

with a step feed process. These results confirm the validity of the cutting heat calculation 

model in Chapter 2, the validity of the proposed new FEM simulation technique, the validity 

and effectiveness of the step-feed model, and the effectiveness of the forced cooling and the 

validity of the calculations, respectively. 

The results of the analysis of the maximum temperature change at the drill edge for the 

five analysis conditions are shown in Figure 14. It is possible to quantitatively determine the 

influence of the drilling process with and without step feed, the influence of the drilling 

process in the first half of the step feed, the influence of the chip removal and drill cooling 

process in the second half, and the influence of forced cooling, respectively.  

 
Fig. 13. Comparison of results between the  

experiments and the FEM simulations 

As mentioned above, from Figs. 13 and 14, compared to the reference FEM simulation 

No. 1, the following can be said; 

(a) FEM simulation No. 2 with doubled number of revolutions: the amount of cutting 

heat increased and the maximum drill edge temperature rise was more than 1100 K, well 

above the free-cutting temperature of carbide drills of 850 K. 

(b) FEM simulation No. 3 with doubled feed speed: the machining time was reduced by 

half and the maximum temperature rise at the drill edge was suppressed to 500 K, regardless 

of the increase in cutting heat generation. This is a result of the high number of intermittent 

chip removals during drilling (seven times during one step process, see Table 7 and Fig. 8(b)) 

and the efficient removal of cutting heat generated. 

(c) FEM simulation No. 4 without step feed: the maximum temperature change at the 

drill edge of No. 4 was somewhat lower than that of No. 1. This may be due to the fact that 

the number of chip removals in No.1 (10 times) was less than that in No.4 (12 times). It was 

also influenced by the fact that the forced cooling in No. 1 in the second half of the step 

process was short (0.2 s) and did not provide sufficient cooling effect. 

Fig. 14. Calculation results of the drill edge 

temperature using the FEM simulations 

regarding 5 analysis conditions. 
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(d) FEM simulation No. 5 with wet cutting with water-soluble cutting fluid: the effect 

of forced cooling with water-soluble cutting fluid was small. This was due to the indirect 

forced cooling during drilling in the first half of the step process and the short duration (0.2 

s) of the forced cooling in the second half of the step process. 

Thus, the proposed FEM simulation technique for drilling can be used to study in 

advance the optimum cutting speed, feed rate, step amount, step time and with/without forced 

cooling, and can be effectively used to search for optimum drilling conditions. 

4. CONCLUSION 

A new FEM simulation technique was developed and evaluated to find the optimum 

drilling process conditions. The results are summarized as follows; (1) In drilling process, a 

model was developed to calculate the cutting heat generated at the drill tip for the workpiece 

and drill material, hole diameter and hole depth instructions using cutting theory. (2) A new 

FEM thermal simulation accurately can calculate the maximum temperature change at the 

drill tip for the machining conditions of workpiece and drill material, hole diameter, hole 

depth, rotation speed, feed and step specification. (3) Using the proposed FEM simulation 

technology, it became possible to explore highly productive drilling conditions while 

considering drill tip temperature. (4) Using the proposed FEM simulation technology, it 

became possible to determine optimal step feed specifications (timing, step duration). 

Furthermore, as a future challenge, it is important to develop a method for FEM analysis of 

the timing of naturally occurring chips to improve the calculation accuracy of optimal step 

feed specifications. 
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