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Abstract
The machining of nickel-based superalloys used for aeronautical applications generates
damage, deformation and carbide cracking in machined surface and subsurface layers as a
result of microstructural heterogeneities which reduce the fatigue life of aeronautic machined
components. In this study, Inconel 718 was hard turned with a carbide tool using different
cutting conditions according to a Roquemore 311B hybrid design of experiments (DOE)
method. The main objective of the study was to model the effect of cutting parameters on the
evolution of the microstructure and to accurately predict the alterations induced by machining,
especially the deformed layer thickness (
(

). The material removal rate (

) and the average number of cracked carbides

) and the deformation power ( ) were calculated in

order to obtain a strong correlation between controlled cutting parameters and microstructure
alterations. Damages were quantified using a confocal laser-digital microscope and were
validated with the proposed models. These models showed a direct relation between both
and

with

and

, with good prediction at a 95% confidence interval (
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).

Nomenclature
Cutting speed [m/min]
Feed rate [mm/rev]
Depth of cut [mm]
Radial force [N]
Feed force [N]
Tangential force [N]
Deformation power [W]
Material removal rate [cm3/min]
Deformed layer [µm]
Average number of cracked carbides [%]
Design of experiments
Confidence interval

1. Introduction
Nickel-based superalloys, such as Inconel 718, are widely used in the aerospace industry
because of their great mechanical properties, including creep [1], oxidation [2], corrosion
resistance [3], as well as high temperature workability [4]. Inconel 718 is commonly used in
aircraft engines and gas turbine hot sections [5-7], and accounts for approximately 75% of the
composition of modern jet engines [8]. Nevertheless, some microstructural characteristics
such as work hardening [9] and carbide particles [10] make it difficult to machine;
additionally, the materials generate surface integrity alterations and discontinuities. In our
previous study, we reported on microstructural alterations induced by the hard turning of
Inconel 718 in subsurface layers, including a deformed layer, cracked niobium carbides, and
higher hardness due to work hardening [11, 12]. According to Zhou et al. [10], the cracking of
niobium carbides results from the pressure applied by the tool on the machined surface. In
their investigations, Kitagawa et al. [13] and Zhou et al. [14] reported that machining
conditions, especially tool wear during machining, could induce recrystallization and severe
plastic deformation in the subsurface layers, resulting in the degradation of the machined part
quality.
Discontinuities and defects generated in the subsurface layers during the machining of
Inconel 718 can have a significant impact on the fatigue life of machined components [15,
16]. The formation of these discontinuities depends on cutting parameters, such as the cutting
speed, the depth of cut, and the feed rate. Coelho et al. [17] investigated the effect of work
hardening on the machined subsurface by considering the evolution of microhardness. They

observed that the surface hardness values obtained were slightly higher for lower cutting
speeds. Reporting on the deformed layer, Sharman et al. [18] found that the thickness of
deformation increased with an increasing feed rate and cutting speed.
The literature contains several publications on experimental modeling and predictions of
roughness [19-23] and residual stresses [24-26] generated during the machining of nickelbased superalloys under different cutting conditions. However, that is far from the case when
it comes to the experimental modeling of microstructural alterations. There is a need for an
accurate experimental model to predict the evolution of the thickness of the

and

based on cutting conditions.
In the above context, the present authors reported on an experimental method that
accurately quantifies the thickness of the damaged layer generated during hard turning
operation [11]. The present study focuses on the development of statistical models describing
the evolution of the (

and

response surface methodology (

, based solely on experimental data obtained using a
. The validity and accuracy of the proposed models are

verified by two additional cutting conditions, namely, the cutting speed ( ), the depth of cut
(

), and the feed rate ( ), in the valid numerical range established in the (

.

2. Experiments and characterization
2.1. Materials and methods
Hard turning tests were carried out using a MAZAK-NEXUS CNC center and carbide tools
on a 50 mm diameter workpiece of investigated nickel-base superalloy. The chemical
composition of the investigated alloy is presented in Table 1. Machined specimens were then
heat treated as per AMS 5663, and an average grain size of 20 µm was measured according to
ASTM E112-13. 30 mm by 20 mm samples were cut from these specimens by wire electrical
discharge machining (W-EDM) using an AGIECHARMILLES CUT 30 P machine to
minimize distortion during cutting. Sectioning was performed in two directions: transversal
(perpendicular to the feed direction) and longitudinal (parallel to the feed direction of the
tool), as shown in Fig.1.
Deformed grains at the sample surface and subsurface were revealed using a chemical
etchant solution with a 1/3 H2O2 (30%) and 2/3 HCl composition [11]. The quantification of
the microstructure alterations, i.e., in terms of the deformed layer thickness and average of
cracked carbides
microscope.

, was conducted using an OLYMPUS LEXT OLS 4100 laser-confocal

2.2. Design of experiment
In order to study the effect of cutting parameters on the microstructural alterations, the
experimental study was conducted using the hybrid design of experiments which was
developed by Roquemore 311B (1976) [27]. For three factors, this design is effective in terms
of the number of runs and with few experimental tests still have the same characteristics as
central composite designs. Rosadelima and Lou [28] found that Roquemore 311B is the most
suitable design for three input factors since it had the most stable prediction variance, which
had also the lowest dispersion. Similarly, Fang et al. [29] showed that 311B is the best DOE
performer in terms of scaled prediction variance performance for second order response.
In this study, the designed plan included three (3) factors and eleven (11) runs. The stability
and the repeatability of the set-up were verified using three (3) replications of the center
design. The control factors selected were: the cutting speed
[mm/rev], and the depth of cut

[m/min], the feed rate

[mm]. In order to eliminate the effect of tool wear, a new

carbide tool was used for each run. Table 2 shows the different levels of cutting parameters
tested.
As recommended by the Roquemore 311B, eleven (11) tests were performed in this
experimental study. Also, the stability and the repeatability of the set-up were verified using
two (2) replications of the center design, as shown by the runs 8 and 13 in Table 3.
For each run, tangential cutting force (

) was measured using a 9121 KISTLER

dynamometer table. In addition the depth of the deformed layer and the average of cracked
carbides were quantified and reported in the Table 3. Figs. 2 and 3 show a typical example of
the cracked carbides and deformations observed in the subsurface after machining.
In order to generate statistical models and graphs representing the evolutions of the
average

at a

and

of 95%, statistical software STATGRAPHICS centurion XVI was used.

3. Results and discussion
A typical machined subsurface is shown in Fig. 2, where the presence of both cracked and
non-cracked carbides is observed. The

was calculated by counting all carbides located

within 30 µm of the machined surface. Fig. 3 shows deformed grain boundaries near the
machined surface of a typical specimen. The limit of the deformed grain boundaries are
highlight by a Yellow line based on visual inspection using optical microscopy. The thickness
of

was measured from the machined surface to the deepest distorted grain boundary, as

described by Touazine et al. [11]. All calculated values are reported in Table 3.

The experimental results were analyzed in order to evaluate the impact of cutting
parameters on microstructural alterations. Pareto diagrams were represented by Fig.4 and
Fig.5. The vertical blue line corresponds to the threshold value beyond which factors become
statistically significant at 95% confidence interval. In the case of three factor and 95% of
confidence interval, the threshold value equal to 2.353. Fig.4 and Fig.5, show that the feed has
the greatest effect on

and

compared to

and

. The higher amount of plastic

deformation generated with increasing the feed rate can explain these tendencies. In fact,
greater strain accumulation is produced which may cause the cracking of the carbide particles.
The results are in good agreement with those published by Liu et al [30] and by Pawade et al.
[31]. Also, Sadat and Bailey concluded that the intensity of the surface damage increases with
increasing feed rate [32].
In the present experimental study, the classic

technique was not considered for the

determination of a statistical correlation between cutting parameters (
microstructural damages (

and

and

) and

). Instead, for further analysis and in order to properly

evaluate the effect of the cutting parameters on
deformation power

,

and

[cm3/min] and estimated

,

[W] were calculated using equations (1) and (2).
(1)
(2)

The use of

and

as separate inputs for the predictive models presents three main

advantages: 1) more degrees of freedom will be added and universal correlation can be easily
drawn; 2) Reduce the number of factors and the interactions between the three (3) cutting
parameters, which can be generated with a different combination of

,

and

; 3) Avoid

the nonlinear behavior of the responses using polynomial statistical correlation with RSM
technique and simplify the equation by eliminating interactions between cutting parameters.
3.1. Modeling of the deformed layer thickness evolution
During machining, the deformed layer evolves with different cutting parameters [33]. This
evolution can influence the hardness, thickness, and type of defects generated on the affected
surface after final machining [11, 34]. Only few studies have examined the relationship
between microstructural alterations and cutting parameters [35, 36].
A statistical regression analysis of the results was carried out in order to establish a
correlation between

,

proportional increase in

, and

. Fig. 6 shows that an increase in

. As showed by equation 1,

generates a

increases as a function of

increasing cutting speed, feed rate, and depth of cut, which consequently, increases the
amount of power required for material removal. For the cutting conditions examined here (see
Table 3), the calculated

is between 0.2 and 4.6 cm3/min and

between 45 and 338 W.

An analysis of variance (ANOVA) was carried out to describe the correlation between the
output (

) and inputs (

and ). Table 4 provides a summary of the statistics obtained

for the best fit curves. This analysis reveals that the evolution of the
square root function. The adjusted coefficients of correlation

is best described by a

are 97.5 and 89.3% and -

value is 0 for both configurations, indicated a strong correlation between the inputs and output
of the model.
Figs. 7 and 8 show an increase in

thickness with increasing

and

. Specifically,

thickness values varying between 6 and 15.5 μm were measured for
between 0.2 to 3.9 cm3/min and

values ranging

values between 45 to 245 W. This could be attributed to the

pressure generated by engaging the tool into the material, which induces plastic deformation
in the subsurface layers. In fact, several research reports [37-40] have demonstrated that an
increase in cutting parameters generates higher cutting forces (i.e. increases

), resulting in

severe plastic deformation in the subsurface layers. A comparison between values obtained
experimentally versus those predicted using the model is also presented in Figs. 7 and 8. Since
all the experimental values are located within a 95% confidence interval, it can be concluded
that the regression model fits the values observed very well.
3.2. Modeling of cracked carbides evolution after machining
A statistical model was obtained following the same procedure as described in section 3.1,
to establish a correlation between

,

and

. Statistics obtained for the best fitting

curves are summarized in Table 5. A simultaneous increase in

and

results in increased

(see Figs. 9 and 10), which is in line with the conclusions drawn from Fig. 6.
In order to precisely determine the contribution of machining on the enhancement and
evolution of the cracked carbides in the subsurface layer, the percentage of the cracked
carbides in the as-received material was measured on polished surfaces and found to be 2.6%.
Therefore, this value was taken as the initial boundary condition for the modeling of the
evolution of as shown in Fig.9 and Fig.10. It can be seen on these figures that a square root
function with the intercept point at 2.6% well describes the variation of
The adjusted coefficients of correlation

with

and

.

are 88.5 and 89.2% and the -valueis 0 for both

conditions, demonstrating a strong correlation between the model’s inputs,
output

and

and

.

Given that (i)

, (ii)

and (iii)

expected that a relationship between

and

, it is

exists, which is confirmed by Fig. 11.

4. Validation of the proposed models
The accuracy of the developed models was evaluated using two additional test conditions,
as shown in Table 6. Validation tests were chosen from the study domain defined by the
The values calculated by the models for both

thickness and

.

were in good agreement

with experimental ones. The maximum calculated relative error when using E as input was
3.6% for

and -10% for

as input was 29% for the

, the maximum relative calculated error determined using
and -10% for

. The 29% error could be due to the

super finishing condition used for validation of the proposed model. This condition leads to a
material removal rate equal to 0.3 cm3/min which is very close to the minimum
input in the

used as

(i.e., 0.2 cm3/min). The close proximity between the measured and

predicted values confirms the validity and good predictability of the proposed model. This is
illustrated in Fig.12 where the variation of error level as a function of machining standardized
position is presented. At the extreme of the range of study field, the error is much greater than
the conditions in-between the extreme values. It is worth noting that, even with 28% error, the
maximum calculated error (i.e. the difference between the calculated experimental and
predicted values) is only 1.6 µm for a predicted value of

equal to 4 µm. On the other hand,

as shown in Table 6, the validation condition number 13, which corresponds to testing
conditions in the

interval, the calculated error is 12% for DL corresponding to a 1 µm

difference between calculated and predicted values of

. Therefore, it can be said that the

errors calculated using the model are reasonable, and as a result, the response equations
describing the microstructure alteration can be used to predict damage in the material using
any combinations of cutting speed, feed rate, and depth of cut in the studied domain.
5. Conclusions
In this study, experimental results were used to develop models able to predict
microstructural damages induced by hard turning of Inconel 718 located in the subsurface
layer, especially the thickness of the deformed layer and the average of the cracked carbides,
using response surface methodology. The following conclusions can be drawn from the study:

- A strong correlation was identified between the thickness of the deformed layer and average
of the cracked carbides.
- The evolution of the microstructure alteration as a function of material removal rate and
deformation power can be well described by square root function.
- The thicknesses of the deformed layer and average of cracked carbides increase as material
removal rate and deformation power increase.
- A higher feed rate and low cutting speed value leads to a higher deformed layer thickness
and a higher percentage of cracked carbides.
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List of Tables
Table 1. Chemical composition of the investigated superalloy (wt.%)
Element Ni
Fe
Cr
Nb Ti Mo V
Al
Ta
Si
C
wt.%
52.97 18.51 18.36 4.47 1.02 3.14 0.09 0.39 0.22 0.22 0.07

Table 2. Assignment of levels to factors
Factor

Unit
m/min
mm/rev
mm

Level 1
33.0
0.020
0.179

Level 2
49.0
0.098
0.230

Level 3
58.0
0.142
0.265

Level 4
67.0
0.186
0.300

Level 5
83.0
0.264
0.351

Table 3. Experimental results obtained using the Roquemore 311B hybrid design
Control factors
Run
1
2
3
4
5
6
7
8
9
10
11
12
13

[m/min]
58
58
49
58
83
67
33
58
67
83
49
33
58

Calculated values

[mm/rev]
0.142
0.142
0.264
0.142
0.186
0.020
0.098
0.142
0.264
0.098
0.02
0.186
0.142

[mm]
0.351
0.179
0.30
0.265
0.300
0.300
0.300
0.265
0.230
0.230
0.230
0.230
0.265

[cm3/min]
2.9
1.5
3.9
2.2
4.6
0.4
1.0
2.2
4.1
1.9
0.2
1.4
2.2

[W]
204
120
245
163
338
80
84
161
251
169
45
102
161

Measured values
[N]
211
124
300
168
244
71
153
167
225
122
55
186
167

[µm]
11.9
11.3
15.5
10.0
13.6
7.2
7.5
9.0
12.4
8.5
6.0
8.0
11.2

[%]
14.8
12.9
20.5
16.0
19.5
9.9
8.3
14.0
18.0
14.3
10.0
14.3
15.4

Table 4: Estimated regression coefficients for
Curve fitting

R2 (%)

R2adj (%)

P-value

Model equation

Table 5: Estimated regression coefficients for
Curve fitting model

R2 (%)

R2adj (%)

P value

Equation constants

Table 6: Validation of the proposed models by two tests
Test

[m/min]

[mm/rev]

[mm]

[N]

[cm3/min]

[W]

[µm]

[µm]

[%]

[%]

[%]

[%]
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