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Abstract
Surface integrity is one of the important parameters affecting the quality and functionality of mechanical components. This 
paper presents an investigation on effect of drilling parameter on the surface integrity of Inconel 718 through a combination 
of experimental and simulation works. The machining responses that are determined through the experimental work include 
microhardness, microstructure changes, and surface roughness. The average grain size of the microstructure of the workpiece 
is estimated by using a simulation model. The experimental and simulation results show that higher spindle speed facilitates 
the formation of white layer near the machined surface and decreases the average grain size. Furthermore, it is observed that 
the surface finish deteriorates with an increase in feed rate.
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1 Introduction

Some alloys are considered as difficult-to-cut materials 
where nickel-based alloys fall into this category. Owing to 
the characteristics such as poor thermal conductivity, rapid 
strain hardening, and high strength, the machining of these 
materials is difficult [1, 2]. In the meantime, other charac-
teristics such as high resistance in creep, oxidation, and cor-
rosion had attracted these materials to be used in aerospace 
industry for the components of aircraft engine [3]. Inconel 
718 is one of the nickel-based superalloys which encounters 
difficulties when undergoes machining process. Tool wear 
conditions and surface integrity are the two crucial factors 
that need to be addressed when machining Inconel 718 [4]. 

It is well understood that the service lifetime and the qual-
ity of the components are dependent on the surface proper-
ties [5]. Severe damage due to cracking, fatigue, and creep 
starts from the surface of the components which largely 
depends on the surface quality. Thus, in the machining of 
mechanical components, the surface integration needs to be 
considered [6]. Microhardness, microstructure (grain size), 
and surface roughness are classified as surface integrity [7]. 
Accordingly, Azim et al. [8] investigated the effect of cutting 
parameters on surface integrity of nickel-based super alloy 
in microdrilling process. It was reported that an increase in 
feed value caused thrust and radial forces to be increased. 
Sharman et al. [9] conducted a series of experiments to 
evaluate the surface roughness in drilling of Inconel 718. 
They expressed that the roughness values were produced in 
the range of 1 to 1.5 �m . In two other studies [10, 11], it was 
mentioned that microstructure and chemical composition of 
Inconel 718 were the main factors influencing the surface 
integrity and cutting process.

Apart from the experimental work, a detailed approach 
is needed to make a correlation between microstructure 
changes (grain size) and surface integrity of Inconel 718. 
Since it cannot be sufficiently done just by conducting 
experimental studies, therefore finite element (FE) simula-
tion method could be a useful approach to predict the grain 
sizes of Inconel 718 at different cutting conditions. Different 
models were used by researchers to predict the grain size 
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variations in simulation work. Rotella and Umbrello [12] and 
Jafarian et al. [13] used Zener-Hollomon model to estimate 
the grain size of titanium alloy and Inconel 718, respec-
tively, during turning simulation. Denguir et al. [14] and 
Ding and Shin [15] simulated the microstructure changes 
by using Estrin-Kim model. In two other studies, Arısoy 
and Özel [16, 17] used Johnson-Mehl-Avrami-Kolmogorov 
(JMAK) model to simulate the grain size of Inconel 100 and 
titanium alloy. They reported that the model could appro-
priately predict the grain size variations. Bai et al. [18] also 
used JMAK model during turning of Ti-6Al-4V alloy where 
the simulation was carried out in two dimensions. Lotfi et al. 
[19] predicted the microstructure changes in 3D simulation 
of turning process by using JMAK model. They showed that 
the turning process reduced the grain sizes.

With respect to the above descriptions, this study is 
undertaken to investigate the surface integrity of Inconel 718 
during drilling process by conducting a series of experimen-
tal measurement tests (such as microhardness, microstruc-
ture, and surface roughness) and by development of a simu-
lation model to calculate the grain size variations. One of the 
difficulties of grain size measurement of Inconel 718 is the 
low reproducibility of results, particularly, when the cutting 
conditions are close to each other; therefore, the innovation 
of this study is the use of an FE model to precisely predict 
the grain size variations at different cutting conditions.

2  Experimental procedures

Experimental trials were conducted on a MAHO MH 700S 
CNC machine. The workpiece material was Inconel 718 with 
105 mm × 105 mm× 18 mm dimension. The chemical com-
position of Inconel 718, which is used in this study, is given 
in Table 1. An uncoated tungsten carbide (WC) twist drill 
with 6 mm in diameter was selected for the drilling operation. 
Figure 1 shows the experimental equipment for the drilling 
trials. Cutting forces were measured by using a KISTLER 
dynamometer (9443B type) and a Handy-surf tester model 
(E-35A) was used to measure the surface roughness of the 
wall of the drilled holes. To evaluate the microstructure of 
the drilled holes wall of Inconel 718, the specimens were 
sectioned along the hole axis (as seen in Fig. 1). Then, the 
specimens were mounted in cold method by using low vis-
cosity epoxy resin. Wet ground was applied to prepare the 
surface of the specimens and was repeated by different sili-
con carbide papers (from 100 to 4000 grit sizes). After the 
polishing process, the specimens were etched by using an 
electrolytic etching device (Buehler). The etching process was 
conducted for 15 sec to using a stainless steel cathode with 
3% of sulfuric acid at electrical condition of 6 Volts and tem-
perature of 24 °C. The microstructure of the specimens were 
observed under an optical microscope. Figure 2 illustrates 
the as-received microstructure of Inconel 718. The average 

Table 1  The chemical 
compositions of Inconel 718

Element Ni Cr Mo Fe Nb Ti

Component (wt. %) ≥ 54 18 3 18.5 5 1

Fig. 1  Experimental procedures
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grain size was approximately 43 �m and was used for the 
simulation study, as it is explained in the next section. Drill-
ing experiments were under four different feeds and spindle 
speeds, as given in Table 2. Depth of cut was kept constant at 
18 mm which equal to workpiece thickness (the process was 
through drilling).

3  Simulation modeling

To simulate the drilling process, the CAD models of the 
workpiece and the drill bit were drawn and CAD files were 
transferred to the DEFORM 3D software. The workpiece was 

meshed by 50,000 tetrahedron mesh elements. A mesh window 
was also applied at the cutting zone (due to large deformation) 
where the mesh size was 0.00001 compared to the mesh ele-
ments located out of the window (Fig. 3). The drill bit was 
meshed by 13000 mesh elements. In accordance with Fig. 3, 
the rotary and feed motions were applied on the drill bit and 
workpiece, respectively. The properties of the workpiece mate-
rial (Inconel 718) and the drill bit (WC) are given in Table 3.

Johnson-Cook flow stress model ( ̃𝜎 ) (Eq. 1), Cockcroft-
Latham damage criterion (D) (Eq. 2), and hybrid sticking-
sliding friction model (Eq. 3) were used to consider the 
material behavior during deformation, damage, and drill-
chip contact zone, respectively.

In Eq. (1), the constant parameters are A = 450 MPa, B 
= 1700MPa, C = 0.017, n = 0.65, and m = 1.3 which repre-
sent the yield strength, hardening modulus, strain rate sen-
sitivity, strain-hardening, and thermal softening exponent, 
respectively. Te , Tm, and T are the temperature of environ-
ment, melting temperature, and the working temperature, 
respectively. Finally, �̇�

0
 , � , and �̇� are the reference of plastic 

strain rate, the equivalent strain, and the plastic strain rate, 
respectively [22]. In Eq. (2), �∗ , �f  , and � are effective stress, 
fracture strain, and effective strain [23]. The critical damage 
criterion is shown by D which is equal to 500 MPa [20]. In 
Eq. (3), m is the sticking friction (equal to 1), � is the slid-
ing friction (equal to 0.65), �n is the normal stress, k is the 
shear flow stress of working material, and �f  is the frictional 
shear stress. The values were obtained by using an iteration 
process considering the cutting forces [24].

JMAK model has been utilized in order to simulate the 
microstructure changes during the drilling process. That being 
the case, the average grain size, which was defined based on 
the experimental measurement, was used as the initial grain 
size for the simulation work which was 43 �m for Inconel 
718. Furthermore, the constant parameters of JMAK model 
were extracted from previous researches (listed in Table 4) 
[25]. The model consists of the following equations that was 
divided into three categories: 1, peak strain (Eqs. 4 and 5); 
2, dynamic recrystallization kinetics (Eqs. 6 and 7); and 3, 
dynamic recrystallization grain size (Eqs. 8 and 9):

(1)�̃� =
[

A + B
(

𝜀
)n]

[

1 + Cln

(

�̇�

�̇�
0

)]

[

1 −

(

T − Te

Tm − Te

)m]

(2)D =
∫

�f

0

�∗d�

(3)
{

𝜏f = mkif𝜇𝜎n ≥ mk, (Sticking)

𝜏f = 𝜇𝜎nif𝜇𝜎n < mk, (Sliding)

(4)�c = a
2
�p

Fig. 2  As-received microstructure of Inconel 718

Table 2  Experimental runs

Run number Feed (mm/rev) Spindle 
speed 
(rpm)

1 0.05 424
2 0.08 424
3 0.10 424
4 0.12 424
5 0.05 690
6 0.08 690
7 0.10 690
8 0.12 690
9 0.05 955
10 0.08 955
11 0.10 955
12 0.12 955
13 0.05 1220
14 0.08 1220
15 0.10 1220
16 0.12 1220
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where �c is the critical strain, �p is the peak strain, DRx is the 
dynamic recrystallization, T is the temperature,�̇� is the strain 
rate, � is the strain,�

0.5
 is the strain in 50% recrystallization, 

Q is the activation energy, and d
0
 is the initial grain size [19]. 

The rest of parameters are constant parameters related to the 
JMAK model.

(5)𝜀p = a
1
d
h1
0
�̇�m1e

(

Q1

RT

)

+ c
1

(6)XDRx
= 1 − exp

[

−�d

(

� − a
10
�p

�
0.5

)kd
]

(7)𝜀
0.5

= a
5
d
h5
0
𝜀n5 �̇�m5e

(

Q5

RT

)

+ c
5

(8)dDRx
= a

8
d
h8
0
𝜀n8 �̇�m8e

(

Q8

RT

)

+ c
8

(9)davg = d
0

(

1 − XDRx

)

+ dDRx
XDRx

4  Results and discussions

4.1  Model evaluation

Simulation of the drilling process was implemented in 
1000 steps for each particular run number, as listed in 
Table 2, and the 6 steps of the simulation run are illus-
trated in Fig. 4. In this figure, chip formation and micro-
structure changes are observed during drilling process. 

Fig. 3  Simulation setup

Table 3  The properties of Inconel 718 (workpiece) and WC (drill bit) 
[20, 21]

Properties Unit Inconel 718 WC

Thermal conductivity W/M/°C 10.3 59
Specific heat J/Kg/°C 362 1500
Thermal expansion 10-6/°C 13 5
Elastic modulus GPa 217 650
Poisson’s ratio - 0.3 0.25
Density g/cm3 8.22 15.7
Melting temperature °C 1400 2870

Table 4  The parameters of JMAK model for Inconel 718 [25]

Models Parameter Value

Peak strain a
1

0.004659
n
1

0
m

1
0.1238

Q
1

49520
c
1

0
a
2

0.83
DRx kinetics a

5
294

h
5

340
n
5

512
m

5
593

Q
5

600
c
5

0
�d 0
kd 0
a
10

0
DRx grain size a

8
48500000000

h
8

0
n
8

− 0.41
m

8
− 0.028

Q
8

− 240000
c
8

0
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The more cutting process goes forward, the more micro-
structure changes occurred. After the simulation process, 
the thrust force and average grain size were extracted from 
the software. To verify the simulation results, the extracted 
thrust forces were compared by the ones recorded by the 
dynamometer during the experimental operation.

The full comparison of the thrust force results are given 
in Fig. 5. It is ascertained from the figure that the predicted 
results with acceptable errors (less than 10%) are in good 
agreement with the experimental ones. In most of the run 
numbers, the predicted values followed the experimen-
tal trends. This result shows the utility of the developed 

Fig. 4  The process of microstructure changes during the time in simulation work

Fig. 5  Comparison of thrust forces generated in experimental and simulation works
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model for further evaluations. Aside from the comparison, 
it is seen that the variation of cutting parameters influ-
enced the force values. In particular, thrust force increased 
with an increment in feed value. This could be due to the 
increase of uncut chip thickness as a result of an increase 
in feed value. In fact, larger chip thickness caused drill-
chip contact length to be increased resulting more force 
generation during the process [26]. In addition to that, 
the thrust forces were firstly reduced and then increased 
by an increase in spindle speed. In general, higher spin-
dle speed causes the thrust force to be reduced in drilling 
process, due to easier chip shearing phenomenon [27]. 
But it is somehow different when the workpiece material 
is a difficult-to-cut material. Owing to the poor thermal 
conductivity and some special properties of Inconel 718, 
built-up edge (BUE) phenomenon happened at higher 
spindle speed. Hence, it causes the sharp of the cutting 
tool to be rounded thus increasing the cutting forces [27]. 
BUE was also observed and the discussion is presented in 
the last section.

4.2  Microstructure

Based on the explanations represented in Sect.  2, the 
metallography operation has been done to reveal the 

microstructure changes after the drilling process and an 
example of such micrograph is shown in Fig. 6. It can be 
seen that a variety of events could have taken place during 
the drilling process. Severe plastic deformation occurred 
within 20 �m under the machined surface causing the orien-
tation of the grains to be changed (in the cutting direction). 
Furthermore, it is clear that the grains were compressed in 
this zone and at that instance, white layer is formed which 
the closest layer to the machined surface. Owing to the 
resistance of this layer against the etching process, the layer 
appears in white color under the optical microscope [28]. 
The white layer is usually introduced as a detrimental layer 
to the final component which may cause tensile residual 
stress or a decrease in the strength of bending fatigue [29]. 
Therefore, post-finishing processes are typically needed in 
order to remove this layer. It was reported that the formation 
of white layer is mostly due to high cutting temperature, 
increment of cutting forces, and deterioration of tool condi-
tion during the machining process [29, 30].

Referring to Fig. 7, the thickness of white layer was meas-
ured in three points for each particular cutting specimen. 
Because, this layer is not regular along the cutting edge, 
therefore, its average is better to be taken into account. 
Accordingly, the average values of white layers (WL) were 
reported in Fig. 8, which also shows the microstructure 

Fig. 6  Top: drilled hole in 
cross-section before etching; 
bottom: the microstructure of 
drilled hole after etching
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changes at different run numbers. The measurement results 
indicate that the average values of white layers are from 0 
to 6 �m . With respect to Fig. 8, it is evident that the white 
layer is more prominent in the conditions where the spindle 
speed and feed rate are at their high levels. This result is 
compatible with the force result (Sect. 4.1) whereby it was 
mentioned that cutting forces increased by an increase in 
cutting parameters. Under low cutting conditions, the white 
layer was not present or at least it was noncontinuous. This 
implies that lower cutting forces and lower temperature, 
decreased the thickness of this layer.

Moreover, in order to investigate the effect of cutting 
parameters on the grain size, a finite element model was uti-
lized. As mentioned earlier, the experimental results showed 
that the initial average grain size of Inconel 718 was 43 �m 
which was defined as initial value for simulation work. 
Figure 9 illustrates the chip formation and grain distribu-
tion which were observed in Run 7 (feed = 0.1 mm/rev and 
rotary speed = 690 rpm). It was evident that the drilling pro-
cess reduced the grain sizes near the drilled surfaces. Note 
that the experimental average grain size of drilled surfaces 
were also measured to validate the simulation results. As it 
is shown in Fig. 6, the grains, which were located near the 
cutting edge (20 �m distance from the cutting edge), were 
selected to measure. Finally, the total results of experiments 
and simulation works are given in Fig. 10. It is observed that 
the predicted grain sizes are in good agreement with the 
experimental ones which was also seen in force comparison. 
However, one more point can be extracted from grain size 
comparison. The results show that the FE method could bet-
ter distinguished between the results. In fact, the experimen-
tally measurement of grain size has typically some errors or 

it is not as precise as FE method is. Therefore, for instance, 
it is seen that the experimental result cannot properly distin-
guish between the microstructure changes in 955 and 1220 
rpm. As a result, one of the advantages of using FE method 
is its precise compared to the experimental measurement.

In accordance with Fig. 10, it was found that the average 
values of grain sizes are in the range of 37 to 42 �m . In 
other words, the grain sizes were reduced about 2 to 14% at 
different cutting conditions. It was observed that there is not 
any specific effect of the feed value on the grain size. Mean-
while, the effect of spindle speed variations on the grain size 
was somehow dependent on the cutting force. It was found 
that an increase in cutting force, results in reduction in the 
average grain size. Therefore, it can be concluded that at the 
highest spindle speed of 1220 rpm, two opposite phenomena 
occurred at the same time: more creation of white layer and 
more reduction of grain size. The first phenomenon is not 
desired as compared to the second one. Hence, better condi-
tion was observed when the spindle speed was set at 955 rpm 
with low feed rate. Under such condition, the white layer and 
the size of the grain were found to be optimized.

4.3  Microhardness

The microhardness measurement was carried out by using a 
SHIMADZU Vickers pyramid tester where the loading force 
was set at 4.903 N (seen in Fig. 11). The initial hardness of the 
workpiece material was measured at three points in which the 
values were: 247.5 HV, 249.2 HV, and 248.4 HV. Furthermore, 
the hardness of each particular drilled surface was examined in 
three points in the distance of 40, 120, and 200 �m from the cut-
ting edge. A schematic of this measurement is shown in Fig. 11.

Fig. 7  White layer measurement 
after drilling process
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The results of microhardness of the specimens after 
machining process were recorded, as shown in Fig. 12. 
It was observed that the hardness of drilled surfaces 
increased compared to the uncut surfaces. This increment 
was larger at higher spindle speeds. Based on previous 
studies [28, 29], both white layer and grain size could 
affect the hardness results. Therefore, the increment of 
micro-hardness at the highest spindle of 1220 rpm depends 
on the thicker white layer and smaller grain size created 
at this condition. The grain size (d) effect can be demon-
strated by using the Hall-Petch model [31] (Eq. 10):

where k, �o , and �i are strengthening coefficient, yield 
stress, and starting stress of dislocation, respectively. It is 

(10)�o = �i +
k
√

d

observed that a decrement in the grain size increases the 
microhardness [32].

4.4  Surface roughness

Surface roughness is the final parameter of the surface integ-
rity investigated in this study. Three positions of each par-
ticular machined surface were measured and then the aver-
age values of 16 specimens were compared and presented 
in Fig. 13. The range of the surface roughness values ( Ra ) 
were within 0.78 to 1.22 �m . The surface roughness value 
increased with an increase in feed rate, due to an increment 
in the height of feed marks generally produced during the 
machining process [33, 34], while increment of spindle 
speed had an inverse effect where it reduced the surface 
roughness. It could be described by better shearing process 
that occurred with increment of speed spindle. However, 

Fig. 8  Microstructure of drilled holes at different run numbers (1 to 16) plus the average values of the white layer (WL)
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this improvement was stopped at the highest level of this 
parameter.

One major problem in machining of Inconel 718 is the 
generation of BUE at higher spindle speeds as shown in 

Fig. 14. Under this condition, the temperature increases 
and the deformed chip periodically sticks on the drill bit 
and machined surfaces [35]. It caused an increase in surface 
roughness values at highest level of spindle speed (1220 rpm).

Fig. 9  Simulated grain size distribution

Fig. 10  Comparison of experi-
mental and estimated average 
grain sizes at different run 
numbers
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Fig. 11  Microhardness measurement device and a schematic figure to indicate the location of indentations

Fig. 12  Measurement results of 
microhardness
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5  Conclusions

In this study, the experimental trials and simulation modeling 
method were used to investigate the effect of different cutting 
parameters on surface integrity which includes microstruc-
ture changes, grain size, microhardness, and surface rough-
ness when drilling Inconel 718 by using carbide tool. Based 
on the results, the following conclusions are drawn:

1. Evaluation of metallography results showed that severe 
plastic deformation and white layer were generated near 
the machined surfaces. It was found that lower cutting 
forces (at low levels of cutting parameters) caused the 
thickness of white layer to be reduced.

2. The simulated and the experimental average grain sizes 
indicated that the drilling process reduced the grain sizes 
from 2 to 14% at different cutting conditions. It was 
found that an increase in the cutting forces reduced the 
average grain size of the microstructure. In fact, more 
creation of white layer and more reduction of grain size 
were observed at the highest spindle speed of 1220 rpm 
which resulted in an increase in microhardness value.

3. In general, increment of spindle speed reduced the sur-
face roughness values. However, the roughness values 
increased at the highest level of cutting conditions due 
to the effect of BUE.

4. In this study, the desired condition was that the grain 
size, the thickness of the white layer, and the sur-
face roughness to be reduced and the microhardness 
increases. Accordingly, it was found that an increase in 
spindle speed tends to improve the microhardness and 
the grain size; however, it deteriorates the surface rough-
ness (at its highest level) and worsen the white layer 
formation. Surface roughness and white layer could 
more deteriorate with an increase in feed value. There-
fore, based on the experimental and simulation results, 
it can be suggested that the best condition when drilling 
of Inconel 718 in order to obtain an acceptable surface 

integrity is to employ the medium spindle speed (955 
rpm) and low level of feed rate (0.05 mm/rev).
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