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Abstract
Nickel-based superalloy Inconel 718 is widely used for aeronautical applications, such as blades and discs of aircraft 
engines, and therefore is generally submitted to a grinding process in order to meet the required surface finish and dimen-
sional accuracy. However, the mechanical and thermal properties of Inconel 718 make it a material with low machinability 
(difficult-to-machine material). Therefore, the proper selection of abrasives is of high importance, when aiming to improve 
process efficiency. White aluminum oxide (WA) and green silicon carbide (GC) abrasives are the most common conventional 
abrasives employed in the grinding of nickel-based superalloys, and their different properties can be decisive when it comes 
to the success of the process. In this sense, this work sought to evaluate the performance of two conventional abrasives 
(WA and GC) in the grinding of Inconel 718 with cutting fluid applied with a conventional technique. Five different cutting 
conditions were tested. Surface finish (Ra and Rz parameters) and cutting region temperature were used to assess grinding 
performance. The results showed that, compared to WA, grinding with the GC wheel reduced roughness in 14% and 19% for 
Ra and Rz, respectively, even though this produced higher cutting region temperatures (55% higher in general). However, 
for more severe cutting conditions (e.g., higher values of radial depth of cut), the characteristic wear mechanism of the GC 
wheel further increases cutting region temperature, resulting in surface finish deterioration.
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1  Introduction

Nickel-based superalloys are important raw materials for 
components applied in critical environments (e.g., aero-
space and nuclear industries) due to their high-temperature 

strength, high oxidation resistance and corrosion resist-
ance [1, 2]. Such components usually require tight dimen-
sional tolerances (< 10 µm), low values of surface finish 
(Ra < 0.5 µm) and a surface integrity free of cracks and 
tensile stresses. Therefore, the grinding process is gener-
ally the first option to meet these requirements [3]. Among 
various grades of nickel-based superalloys, Inconel 718 
stands out, since it corresponds to almost half of all wrought 
nickel-based alloy production [4, 5]. Furthermore, accord-
ing to Ezugwu et al. [6], Inconel 718 accounts for about 
half the weight of aerospace engines, mostly in gas turbine 
components.

However, the thermal, mechanical and chemical proper-
ties which make Inconel 718 suitable for the above-men-
tioned applications affect its machinability in an adverse 
manner. Additionally, its low thermal conductivity, high 
work hardening tendency and chemical affinity to most 
tool materials further increase the challenge in machining 
Inconel 718, especially considering high specific energy 
processes, such as grinding [7]. With respect to the use of 
conventional abrasives such as alumina (Al2O3) and silicon 
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carbide (SiC), the grinding of Inconel 718 is even more 
challenging, since these abrasive grits present low thermal 
conductivity, especially at high temperatures, thereby con-
tributing to increased heat accumulation and the develop-
ment of high temperatures at the contact zone [8]. In this 
sense, depending on temperature levels and time of action, 
the integrity of the workpiece surface can be compromised 
(e.g., grinding burn, surface finish deterioration and sur-
face defects), and the grinding wheel wear rate critically 
increased [9, 10].

The use of superabrasives, as in diamond and cubic boron 
nitride (cBN), can be an alternative due to their higher ther-
mal conductivity, which contributes toward reducing the 
heat partition conducted into the workpiece. In this way, 
Xi et al. [11] conducted a grinding experiment comparing 
both superabrasives grits and concluded that higher hardness 
and thermal conductivity contribute to reducing the occur-
rence of thermal damage, even at high material removal 
rates. Therefore, due to the aforementioned, superabrasive 
wheels are preferred for grinding difficult-to-cut materials, 
such as Inconel 718. However, the use of conventional abra-
sive wheels is still suitable for grinding this class of mate-
rial, as these are less expensive and more flexible regarding 
the dressing operation, thereby favoring the manufacturing 
of complex grinding wheel forms, which play an important 
role, especially in aerospace applications [12–14]. Besides 
the use of cBN wheels, other alternatives, such as the use of 
ultrasonic vibration-assisted grinding (UVAG) or the appli-
cation of nanofluids through minimum quantity lubrication 
(MQL) technique, can be used in order to reduce cutting 
forces and improve surface quality when grinding Inconel 
718 with alumina wheel [15–17].

White aluminum oxide (WA) and green silicon carbide 
(GC) are the most common conventional abrasives employed 
in grinding. The former presents lower hardness and supe-
rior fracture toughness in comparison with the latter, and as 
such results in a lower friability, which is the tendency of a 
material to break up into smaller fragments under pressure 
[18, 19]. In this sense, considering the same grinding condi-
tions in terms of grit size, bond material and cutting param-
eters, WA abrasive grits are more likely to present, in theory, 
total breakout or macro-fracture, due to its higher toughness 
in comparison with GC grits. However, noteworthy here is 
that other factors, such as chemical affinity between abrasive 

and workpiece material, have an intense effect on the abra-
sive grit wear mechanism [14].

In addition to hardness and fracture toughness resist-
ance, WA and GC abrasive grits present different thermal 
properties. According to Rowe [20], thermal conductivity 
at room temperature (RT) of WA and GC are 35 Wm−1 K−1 
and 100  Wm−1  K−1, respectively. At high tempera-
tures, 727 °C for instance, these values reduce to about 
7 Wm−1 K−1 and 60 Wm−1 K−1 for WA and GC, respec-
tively [21]. In terms of thermal expansion coefficients (α), 
GC presents lower dimensions variation with temperature: 
α = 4.3–4.8 °C−1 × 10–6 for GC and α = 7.2–8.8 °C−1 × 10–6 
for WA [22]. A summary of major thermal–mechanical 
properties of both WA and GC abrasive grits is shown in 
Table 1.

Regarding Al2O3 abrasive grits, note should be made that 
the different classes may present a different performance 
in grinding nickel-based superalloys. To this end, Li et al. 
[23] investigated the grinding forces, grinding temperature, 
surface quality and tool wear in the creep feed grinding of 
powder metallurgy nickel-based superalloy FGH96 with dif-
ferent alumina wheels (brown alumina—BA, and microcrys-
talline alumina—MA). The findings showed that both abra-
sive wheels promoted the similar results in terms of grinding 
forces, surface finish and wheel wear. Grinding with the MA 
wheel allowed for the use of a higher material removal rate 
without grinding burn, indicating a slightly higher grinding 
efficiency in comparison with the BA wheel. According to 
the authors, the self-sharpening characteristic of the MA 
abrasive wheel contributes toward reducing heat generation 
at the contact zone.

With respect to the grinding of Inconel 718, using con-
ventional abrasive grinding wheels, Huddedar et al. [24] 
investigated surface finish (Ra parameter) of the workpiece 
after grinding under various cooling environments and three 
different Al2O3 grinding wheel grit sizes (mesh of #60, #120 
and #220). They also varied workspeed (8 m/min, 10 m/min 
and 12 m/min) and radial depth of cut (50 µm, 100 µm and 
150 µm). The findings showed that the Ra values increased 
with the increase of grit size and radial depth of cut (ae), 
while workspeed (vw) did not affect this output parameter. 
The values of Ra achieved were in the range of 0.20–1.2 µm.

Research conducted by Mahata et al. [2] also used an 
Al2O3 grinding wheel (designation of AA60K5V8) in their 

Table 1   Major thermal and 
mechanical properties of WA 
and GC conventional abrasive 
grains material [18, 20–22]

Properties WA GC

Hardness Knoop (HK) 2000–2160 2400–3000
Relative toughness (%) 15 3
Thermal conductivity at room temperature (Wm−1 K−1) 35 100
Thermal conductivity at 1000 K (727 °C) (Wm−1 K−1) 7 60
Thermal expansion (°C−1 × 10–6) 7.2–8.8 4.3–4.8
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work during grinding of Inconel 718 under different cool-
ing–lubrication conditions, and radial depth of cut (ae) of 
10 µm, wheel speed (vs) of 30 m/s and workspeed (vw) of 
14 m/min. In terms of surface finish, the authors recorded 
Ra values in the range varying from 0.97 to 1.26 µm, and Rz 
between 5.51 and 6.68 µm. From these results one notes that, 
even when grinding at a low radial depth of cut (10 µm), the 
values for the surface finish are considered high in compari-
son with those generally observed in the grinding of hard-
ened steel under similar cutting conditions, such as those 
reported by Tawakoli et al. [25].

Collaborators in Sinha et al. [10] investigated grinding 
forces and surface finish (Ra parameter) in the grinding of 
Inconel 718 under different cooling–lubrication conditions 
(dry, wet, MQL and liquid nitrogen—LN2). The authors 
employed a vitrified bonded white alumina wheel, with a 
designation of A60K5V. Grinding parameters were also 
varied in terms of vs (10 m/s, 15 m/s and 20 m/s), vw (3 m/
min, 9 m/min and 15 m/min) and ae (10 µm, 15 µm and 
20 µm). The authors reported that the Ra parameter varied in 
the range from 0.35 to 0.55 µm. Furthermore, their findings 
showed that Ra decreased for higher values of wheel speed 
(vs) and increased with vw and ae, irrespective of the cool-
ing–lubrication condition. Dry grinding presented low val-
ues of Ra, which was attributed to intense rubbing, a result 
of wear flat that leads to grinding wheel dulling. This was 
attenuated by using cutting fluid, especially for wet (flood 
technique) and LN2 conditions. Noteworthy here is that the 
authors observed surface oxidation after grinding with all 
cooling–lubrication conditions, except when grinding with 
LN2, which increased sharply the process of heat removal 
from the contact zone.

The study by De Oliveira et al. [26] carried out an experi-
mental investigation in the grinding of Inconel 718 using the 
conventional green silicon carbide grinding wheel (designa-
tion of 39C60KVK) under various cooling–lubrication con-
ditions: dry, flood, MQL and MQL with multilayer graphene 
platelets dispersed in an eco-friendly cutting fluid. Different 
values of ae were tested: 20 µm and 40 µm. Although the 
findings showed low Ra roughness (< 0.42 µm), the authors 
observed the occurrence of microcracks on all ground sur-
faces, irrespective of the grinding condition.

In a more recent work, De Oliveira et al. [7] carried out 
a study to evaluate the grindability of Inconel 718 using a 
conventional white aluminum oxide grinding wheel (des-
ignation of AA60K6V). During the study, different cool-
ant delivery techniques (flood and MQL) were tested. The 
cutting parameters used by the authors were: vs = 35 m/s, 
vw = 10 m/min and three different values of ae (10 µm, 
20 µm and 30 µm). They reported surface finish (Ra param-
eter) between 0.15 and 0.43 µm. Furthermore, the results 
showed that machining with the MQL technique generated 
higher values of Ra and poorer surface texture quality in 

comparison with the flood technique, which was attributed 
as possessing a lower cooling capacity than the MQL tech-
nique. The authors also pointed out that the chip formation 
mechanism, during grinding of Inconel 718 with conven-
tional abrasives, can be unpredictable.

Research performed by Tso [27] studied the grind-
ing of Inconel 718 with different types of abrasive grind-
ing wheels: WA (WA46K8V), GC (GC60J8V) and cBN 
(CBN100P75V). The author employed the following cutting 
parameters for the grinding experiments: vs = 11–22 m/s, 
vw = 2–5 m/min and ae = 5–15 µm. The results showed that 
grinding with the cBN wheel produced a better surface finish 
(low values of Ra) in comparison with grinding with GC and 
WA wheels. Furthermore, surface roughness increased for 
low values of vs and increased with vw and ae. The author 
concluded that the cBN grinding wheel is the most suitable 
for the grinding of Inconel 718, irrespective of its machina-
bility index (grinding force, surface finish, dimensional 
accuracy and grinding wheel wear). Cost factor was not 
considered by the author.

In another similar work, Tso [28] investigated the chip 
types in the grinding of Inconel 718 with the same grind-
ing wheels used in a previous study by the author [27]. The 
findings showed that both the abrasive type and cutting envi-
ronment (dry or flood) influenced chip type, which in turn 
affected the workpiece surface finish. In general, cBN grind-
ing wheels promoted the formation of chip types that were 
associated with a better surface finish. The ripping chip type, 
associated with the worst surface finish, was observed only 
when grinding with the GC wheel, which experienced severe 
attrition wear, thereby resulting in high grinding temperature 
and even chip adhesion to the surface of the workpiece.

The corroborators in Sinha et  al. [8] conducted an 
experimental study in the grinding of Inconel 718, while 
comparing conventional WA and GC grinding wheels 
with designation of WA60K5V and GC60K5V, respec-
tively. The grinding experiments were carried out for the 
dry condition (no application of cutting fluid). Workpiece 
surface integrity was assessed in terms of EDX, XRD, 
XPS, SEM images, surface finish and micro-hardness. 
Grinding forces and coefficient of friction were also eval-
uated. The cutting parameters employed by the authors 
were: wheel speed (vs) of 10 m/s and 20 m/s, vw of 3 m/
min and 15 m/min, and ae of 5 µm and 15 µm. The authors 
noted that all surfaces ground using the GC wheel pre-
sented clear burning marks, which was attributed to oxide 
layer formation and phase transformation, due to the accu-
mulation of heat over the workpiece surface. Additionally, 
the findings showed that grinding with the WA wheel 
improved surface finishing (lower values of Ra) in com-
parison with GC wheels, with no visible burning marks 
on the ground surface. According to the authors, grind-
ing Inconel 718 with CG wheels under dry conditions 
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resulted in severe abrasive grain-workpiece rubbing due 
to accelerated wear of GC grits, which increases cutting 
temperature and favors the chemical reaction between 
the abrasive grains and workpiece, thereby resulting in 
intense chip adhesion on the ground surface. Further-
more, the authors recorded a lower coefficient of friction 
as well as lower tangential forces during grinding with 
WA wheels.

Noteworthy here is that an important output parameter 
from grinding is the cutting region temperature reached 
during the process, since this can be associated with the 
occurrence of thermal damage on the workpiece. In this 
way, different methodologies of temperature measurement 
during grinding are reported in the literature. Kuriyagawa 
et al. [29] present a methodology for grinding temperature 
measurement within the contact arc between the grinding 
wheel and the workpiece in the creep-feed grinding of 
cermet Ti(C,N) alloy. The same methodology was called 
double pole thermocouple and employed by Batako et al. 
[30]. Another methodology, typically employed for read-
ing grinding temperature measurement, consists of insert-
ing a thermocouple in a blind hole at a specific distance 
beneath the grinding surface, as employed by Awale et al. 
[31] and Hadad et al. [12].

In this context, there is a lack of more recent papers 
that focus on the comparison between different conven-
tional abrasive grain types in the grinding of Inconel 718, 
especially under wet grinding conditions (cutting fluid 
applied with the flood technique) and cutting temperature 
measurements. Therefore, this work sought to evaluate 
the surface finish and cutting region temperature during 
the wet grinding of Inconel 718 using conventional WA 
and GC grinding wheels with different values of radial 
depth of cut (ae).

2 � Materials and methods

2.1 � Material

The nickel-based Inconel 718 alloy (513 ± 10 HV0.5) was 
supplied by Villares Metals S.A. under the trade name 
Inconel VAT718A®. The samples were supplied as aged, 
with the chemical composition and microstructure shown 
in Table 2 and in Fig. 1, respectively. An optical micro-
scope (Olympus, BX51 model), with a magnification of 
500×, and a scanning electron microscopy (SEM) (TES-
CAN, VEGA 3 model), with magnification of 2000×, 
equipped with energy-dispersive X-ray spectroscopy 
(EDS) mapping from Oxford Instruments were used to 
analyze the samples. The EDS analysis was performed in 
the region shown in Fig. 1b and the resulted color map is 
presented in Fig. 1c.

After etching the Inconel 718 with Kallings 2 (Fig. 1a), 
the metallographic analysis revealed the grain and twin 
boundary characteristics of the material. Hard carbide 
phases with a coherent orientation (originating from the 
aging process) are also noted [32, 33]. From the EDS 
map (Fig. 1c), the composition of the oriented precipi-
tated presented in Fig. 1b is seen, which consists mainly 
of niobium (Nb), molybdenum (Mo) and titanium (Ti), 
surrounded by the gamma matrix (γ-phase) [33, 34], 

Table 2   Chemical composition 
of Inconel 718 alloy

Font Element Ni Cr Fe Nb Mo Ti Al C

EDS map analysis % 52.2 19.2 17.8 6.71 2.65 1.25 – –

Fig. 1   Metallographic analysis of Inconel 718 prior to the grinding process. a Optical microscopy of the etched sample showing grain and twin 
boundaries (etched with Kallings 2); b SEM image with secondary electron, and c EDS mapping analysis identifying the respective element

Table 3   Physical properties of Inconel 718 alloy [35]

Melting 
range (oC)

Density (g/
cm3)

Specific 
heat (J/
kg.oC)

Coef-
ficient of 
expansion 
(μm/m·K)

Thermal 
conductivity 
(W/m·K)

1260–1336 8.19 435 13 11.4
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mainly composed of nickel (Ni) chromium (Cr) and Iron 
(Fe). The physical and mechanical properties of Inconel 
718 are presented, according to the literature [35, 36], in 
Tables 3 and 4, respectively. From Table 4, one notes that 
Inconel 718 alloy possesses the characteristic of retain-
ing its resistance (tensile and yield strength) at high tem-
peratures. The workpieces were prepared for the grind-
ing tests with dimensions of 35  mm × 40  mm × 7  mm 
(length × height × width).

2.2 � Experimental procedure

Grinding experiments were conducted on a peripheral sur-
face grinding machine P36, manufactured by MELLO, with 
a spindle motor of 2.25 kW nominal power and 2400 rpm of 
spindle speed. Two different conventional grinding wheels 
manufactured by Norton Saint-Gobain were tested: a white 
alumina oxide (WA) and a green silicon carbide (GC). 
Both grinding wheels present abrasive grit size of mesh 
#60. The grinding wheels designations are 38A60K6V and 
39C60K6V for WA and GC, respectively. Both models have 
an external diameter of 250 mm.

The cutting parameters employed in this study were: 
wheel speed (vs) of 31 m/s, workspeed (vw) of 7.5 m/min, 
effective wheel width (b) of 7 mm and four different values 
of radial depth of cut (ae): 10 µm, 20 µm, 30 µm, 40 µm 
and 50  µm. The specific material removal rates tested 
were therefore 1.25 mm3·(mm·s)−1, 2.50 mm3·(mm·s)−1, 
3.75  mm3·(mm·s)−1, 5.00  mm3·(mm·s)−1 and 6.25 
mm3·(mm·s)−1. These cutting conditions were chosen based 
on previous studies carried out on the surface grinding of 
Inconel 718 [7–9, 37]. The grinding wheel topography was 
prepared before each grinding experiment, using a single 
point dresser with an effective width of the dressing tool 
(bd) of 0.30 mm, and a dressing speed (vsd) of 180 mm/min. 
These dressing parameters resulted in an overlap ratio (Ud) 
equal to 4. All grinding tests were replicated twice (three 
tests for each condition).

The experiments were conducted by using the conven-
tional cooling–lubrication technique (flood) with a flow 
rate of 11 L/min. The nozzle was positioned, in tangential 

fashion, to deliver the cutting fluid at the contact zone onto 
the grinding wheel. The cutting fluid employed was the syn-
thetic GRINDEX 10, manufactured by Blaser Swisslube, 
applied at a concentration of 5% (1:20 oil-in-water dilution). 
The setup used for the grinding experiments is shown in 
Fig. 2.

The output parameters analyzed in the present work 
were the surface roughness of machined surfaces (Ra and 
Rz parameters) and the cutting region temperature during 
grinding. Surface roughness was measured using a portable 
surface tester SJ-201P, manufactured by Mitutoyo. Three 
different measurements on the machined surface were taken 
for each grinding test, perpendicular to the grinding direc-
tion. The average and standard deviation were selected for 
analysis. A cutoff of 0.8 mm and 4.0 mm evaluation length 
was used in accordance with ISO 4288:1996 [38].

The cutting region temperature was measured by using 
the double-pole thermocouples methodology [29, 30]. 
This methodology consists of placing together the wires of 
nickel–chromium and nickel–alumel (K-type thermocouple) 
separated by a mica sheet and isolated from the workpiece 
by mica sheets and pressed between two samples cut in 
half. With the grinding wheel engaged at the cutting zone, 
the thermocouple wires formed the hot junction, measur-
ing the cutting region temperature. A thermal data acqui-
sition system AGILENT 349780A from KEYSIGHT was 
used. Figure 3 shows a schematic view of the temperature 
measurement methodology employed in this work. For the 
temperature measurements, each grinding condition was 
replicated twice, and an example of thermocouple K-type 
measurement, for the grinding condition with WA wheel 
and ae = 10 µm, is shown in Fig. 4. Average and standard 
deviation were used for analysis.

Analysis of variance (ANOVA) was performed for both 
surface roughness and cutting region temperature results, 

Table 4   Mechanical properties of Inconel 718 alloy [36]

Temperature 
(°C)

Tensile strength 
(MPa)

Yield strength 
(MPa)

Elon-
gation 
(%)

21 1430 1190 21
540 1280 1060 18
650 1230 1020 19
760 950 740 25
870 340 330 88

Precision Vise
Workpiece

Grinding
wheel

Nozzle

Fig. 2   Schematic illustration of the setup used for the grinding exper-
iments
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in order to increase statistical reliability of the results pre-
sented in this work, while also verifying whether abrasive 

type and radial depth of cut were statistically significant 
considering the conditions tested in this work. All grinding 

Fig. 3   Illustrative scheme of 
temperature measurement 
methodology

Fig. 4   Temperature measure-
ments for the grinding condition 
with WA wheel and ae = 10 µm

279.974
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Table 5   Grinding conditions 
and output parameters Grinding wheel Al2O3—38A60K6V—Ø 250 mm (WA)

SiC—39C60K6V—Ø 250 mm (GC)
Workpiece material Inconel 718 (42 HRC)—35 mm × 40 mm × 7 mm
Wheel speed (vs)—m/s 31
Workspeed (vw)—m/min 7.5
Effective wheel width (b)—mm 7
Radial depth of cut (ae)—µm 10, 20, 30, 40 and 50
Cooling–lubrication technique Flood – 11 L/min
Cutting fluid Synthetic Grindex 10

5% concentration (1:19 oil in water dilution)
Dressing conditions Single point dresser, bd = 0.3 mm, vsd = 180 mm/min, Ud = 4
Output parameters Surface finish (Ra and Rz parameters)

Cutting region temperature
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conditions and output parameters are summarized in 
Table 5.

3 � Experimental results and discussion

3.1 � Surface finish: Ra and Rz parameters

The average values of the Ra parameter, after grinding with 
both grinding wheels tested in this work, are shown in Fig. 5 
as a function of radial depth of cut (ae). From Fig. 5, one 

notes that all the Ra values are between 0.37 and 1.60 µm, 
which sits in the range for surface roughness (Ra parameter), 
as is commonly reported in the literature for the semifinish-
ing grinding process (0.1–1.6 µm) [39]. Furthermore, one 
notes that grinding with the GC grinding wheel outper-
formed WA in terms of surface finish, with the exception of 
the most severe grinding condition (ae = 50 µm). Finally, one 
notes from Fig. 5 that the Ra parameter increased with radial 
depth of cut for both abrasive types tested in this study.

The ANOVA result for the Ra parameter is shown in 
Table 6, where DoF, SS and MS are the degree of freedom, 
sum square and mean square, respectively. The F value is 
the relationship between factor and error mean square (MS), 
where the P value is obtained through F distribution curves. 
One notes from Table 6 that abrasive type, radial depth of 
cut and their interaction presented a P-value lower than 0.05. 
Therefore, considering a confidence interval of 95%, all the 
factors investigated in this study are statistically significant 
to the Ra parameter results, including their interaction. Main 
effects and interaction graphs are shown in Fig. 6.

From Fig. 6a, one notes that grinding Inconel 718 with 
the GC grinding wheel contributed toward reducing the Ra 
parameter on the ground surface in the range of 14% in com-
parison with the WA grinding wheel. This result challenges 

Fig. 5   Roughness Ra of Inconel 
718 after grinding with WA and 
GC grinding wheels as a func-
tion of radial depth of cut (ae)
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10 20 30 40 50

R
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m
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Radial depth of cut - ae (µm)

WA GC

Table 6   Analysis of variance (ANOVA) for Ra parameter results

Source DoF SS MS F-value P-value

Main effects
 (1) Abrasive type 1 0.1498 0.14981 18.67 0.000
 (2) ae (µm) 4 4.3311 1.08277 134.95 0.000
 2-Factor interaction
 (1) * (2) Abrasive 

type vs. ae (µm)
4 0.1680 0.04199 5.23 0.005

Error 20 0.1605 0.00802
Total 29 4.8093

Fig. 6   Main effects and interac-
tion graphs for the Ra parameter 
results
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the findings of Sinha et al. [8], who observed lower val-
ues of Ra roughness for Inconel 718 after grinding with the 
WA wheel, when compared to GC. However, emphasis is 
here placed on the fact that the grinding experiments car-
ried out by the authors were done so without the applica-
tion of cutting fluid (dry grinding), this resulted in visible 
burning marks on the ground surfaces when using the GC 
wheel. Such grinding burn indicates the development of high 
temperatures at the contact zone due to heat accumulation, 
which increases wheel wear and favors chemical reactions 
between SiC grits and the workpiece. This results in material 
re-adhesion onto the machined surface, thereby increasing 
roughness Ra.

The grinding conditions used in this current work, on the 
other hand, included the application of cutting fluid using 
the conventional technique (flood—wet grinding), which 
therefore strongly increases heat dissipation at the cutting 
zone in comparison with dry grinding. In addition to the 
cooling action of the cutting fluid, the lubrication effect can 
also be taken into consideration. Therefore, the application 
of the cutting fluid brings about remarkable changes to the 
tribological condition at contact zone, when compared to 
dry grinding. Both effects of the cutting fluid (cooling and 
lubrication) contribute to better temperature control, thereby 
preventing, or at least minimizing, abrasive grit wear and 
material re-adhesion onto ground surface. Therefore, when 
considering unburnt ground surfaces, the heightened ther-
mal properties of the GC wheel in comparison with the 
WA (higher heat conductivity and lower thermal expansion 
[20]) further improves heat dissipation at the contact zone. 
This attenuates workpiece deflection and abrasive grit wear, 
thereby positively affecting surface finish (lower values of 
Ra).

However, it is known that heat generation increases with 
increased material removal rate [18]. In this sense, consider-
ing the same cooling–lubrication condition, the heat dissi-
pation and lubrication may not be sufficient, when grinding 
severity is increased to higher limits (e.g., higher values of 
ae). In this scenario, similar to dry grinding, the higher heat 
accumulation then favors chemical reaction(s) between the 
GC and the workpiece surface, as observed by Sinha et al. 
[8], thereby adversely affecting surface finish. This explains 
the inferior performance of the GC wheel compared to the 
WA, when grinding under the severest grinding condition 
(ae = 50 µm), as noted in Fig. 6b. However, noted here is that 
even for this cutting condition, no evidence of visible grind-
ing burn was observed on the ground surface, as shown in 
Fig. 7, thus suggesting that the critical temperature for oxide 
layer formation and phase transformation was not achieved.

With respect to the influence of the radial depth of cut on 
surface finish, one notes from Fig. 6a that increasing ae from 
10 to 20 µm increased the Ra parameter by 33% on average. 
Further increases in ae resulted in similar increases in Ra. 

Process severity increases with ae due to higher material 
removal rates, thereby increasing contact length and abrasive 
grains penetrating into the workpiece, thereby increasing 
cutting forces and adversely affecting surface finish. Similar 
effects regarding surface finish deterioration, when grinding 
with higher values of depth of cut, was observed by Yao 
et al. [9] in the grinding of Inconel 718 with alumina and 
cBN grinding wheels. According to the authors, increasing 
the depth of cut increases grinding forces, thereby negatively 
affecting surface roughness of the workpiece.

The average values for the Rz parameter after grind-
ing, as a function of radial depth of cut (ae), are shown in 
Fig. 8. From this figure, one notes that the Rz parameter 
presented similar behavior, as seen with the Ra parameter, 
except for the highest radial depth of cut (ae = 50 µm) in 
which both grinding wheels produced similar surface fin-
ish, in terms of the Rz parameter on the ground surface. The 
high values of Rz with lower values of Ra suggest the pres-
ence of occasional high peaks and/or deep valleys on those 
surfaces ground after grinding with this specific condition 
(WA grinding wheel and ae = 50 µm). This result may be 
due to the WA abrasive wear of the grain on the mechanism, 
which holds the distinct possibility of producing a complete 
break-out or macro-fracture instead of micro-fracture, due 
to its high fracture toughness or low friability in comparison 
with GC abrasive grains [14]. In this sense, due to the high 
cutting forces required for grinding Inconel 718 with high 
values of radial depth of cut (ae), WA abrasive grains break-
out, thereby increasing empty spaces on the cutting area of 
the grinding wheel, which may contribute to increasing the 
difference in height between peaks and valleys on ground 
surfaces, thus reflecting a higher Rz parameter.

The ANOVA results and graphs for main effects and 
interactions are shown in Table 7 and in Fig. 9, respec-
tively. Similar to that obtained for the Ra parameter, all 
factors were statistically significant concerning the Rz 

Unburnt ground surfaces

Thermocouple wires and mica sheets

Fig. 7   Ground surface after grinding with the GC wheel and a radial 
depth of cut (ae) of 50 µm
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parameter results, including those obtained for abrasive 
type and ae interaction. Furthermore, the main effects and 
interaction graphs show similar trends, indicating that the 
GC grinding wheel is more suited for grinding Inconel 
718 (under the tested conditions) in comparison with WA, 
especially for low values of radial depth of cut (ae).

3.2 � Cutting region temperature

The cutting region temperatures measured during the grind-
ing experiments as a function of radial depth of cut (ae), for 
both abrasive types tested in this work, are shown in Fig. 10. 
From this figure one notes that the lowest temperature of 
about 255 °C was recorded during grinding with WA wheels 
and the lowest depth of cut (ae = 10 µm), whereas the highest 
value of 1114 °C was recorded when grinding with the GC 
grinding wheel, with the highest depth of cut (ae = 50 µm). 
Grinding with the GC grinding wheel generated higher cut-
ting temperatures when compared to WA grinding wheels, 
regardless the depth of cut employed. Furthermore, one 
notes from Fig. 10 that the higher the radial depth of cut, the 
higher the cutting region temperature, which is the same ten-
dency observed with the surface roughness results (Figs. 5 
and 8).

The ANOVA results for temperature measurements are 
shown in Table 8. Noted here is that both factors (abrasive 
type and radial depth of cut) were statistically significant to 
cutting region temperature (P-value < 0.050). However, the 
interaction between abrasive type and ae presented a high 
P-value (0.900), unlike surface finish results. Therefore, the 

Fig. 8   Roughness Rz of Inconel 
718, after grinding with WA 
and GC grinding wheels, as a 
function of radial depth of cut 
(ae)
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Table 7   Analysis of variance (ANOVA) for Rz parameter results

Source DoF SS MS F-value P-value

Main effects
 (1) Abrasive type 1 11.719 11.7187 57.14 0.000
 (2) ae (µm) 4 137.746 34.4364 167.90 0.000

2-Factor interaction
 (1) * (2) Abrasive 

type vs. ae (µm)
4 5.455 1.3639 6.65 0.001

Error 20 4.102 0.2051
Total 29 159.022

Fig. 9   Main effects and interac-
tion graphs for Rz parameter 
results
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interaction between the factors was not statistically signifi-
cant for temperature results considering a confidence inter-
val of 95%. Main effects and interaction graphs for cutting 
region temperature results are shown in Fig. 11.

From Fig. 11a, grinding with WA wheels is noted as con-
tributing toward a reduction in cutting region temperature 
by 55%, in general, when compared to GC grinding wheels. 
The higher temperatures at the cutting zone, during grinding 
with the GC wheel, is due to the higher friction generated at 

the contact zone, which is a result of GC the abrasive wear 
of the grain on the mechanism. In light of its high friability, 
GC abrasive grits tend to present micro-fracture and wear 
flat [14], which contributes in a big way toward rubbing, 
thereby increasing heat generation and temperature during 
grinding. According to Jackson and Davim [14], as the cut-
ting region temperature increases, the wear mechanism of 
the abrasive goes from macro- to micro-fracture and then to 
wear flat formation, which contributes to further temperature 
increases. This corroborates to the higher values of surface 
roughness (Ra parameter) observed after grinding with the 
GC under the worst case condition (ae = 50 μm), since the 
temperature was higher when using this abrasive and, as 
such could lead to wear flat formation.

Worthy of mention here is that comparing the temperature 
results (Fig. 10) with those of roughness (Fig. 5), although 
the temperature reached, during grinding with the GC wheel, 
was higher in comparison with WA for all conditions tested, 
at relatively low levels this higher temperature was not suf-
ficient to favor material adhesion or abrasive wear flat, which 
consequently deteriorated surface finishing. However, for 
the worst case conditions (ae = 40 µm and 50 µm), in which 
higher temperatures were reached (over 1000 °C), one notes 

Fig. 10   Cutting region tem-
perature, as a function of radial 
depth of cut (ae)

Table 8   Analysis of variance (ANOVA) for cutting region tempera-
ture results

Source DoF SS MS F-value P-value

Main effects
 (1) Abrasive type 1 695,250 695,250 44.31 0.000
 (2) ae (µm) 4 1,126,438 281,609 17.95 0.000

2-Factor interaction
(1) * (2) Abrasive 

type vs. ae (µm)
4 16,319 4080 0.26 0.900

Error 20 313,839 15,692
Total 29 2,151,845

Fig. 11   Main effects and inter-
action graphs for cutting region 
temperature results
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from Fig. 5 that the surface roughness tended to get worse, 
when compared with the result obtained after grinding with 
WA.

The corroborator Tso [28] studied the chip geometry in 
the grinding of Inconel 718 with different types of grinding 
wheels (WA, GC and cBN) and noted a peculiar type of chip 
when grinding with the GC wheel, named as “ripping chip.” 
The occurrence of this type of chip was attributed by the 
author to the development of high grinding temperatures at 
the contact zone, as a result of intense attrition wear experi-
enced by the GC abrasive grains. In this context, the higher 
cutting region temperatures recorded when grinding with 
the GC grinding wheel in comparison with WA, as shown in 
Figs. 10 and 11a, corroborates with the findings of Tso [28].

Regarding radial depth of cut (ae), one notes from 
Fig. 11a that the cutting region temperatures increased with 
ae, as already mentioned. However, its increase was particu-
larly higher (70%) when ae increased from 10 to 20 µm. Fur-
ther increases in ae also increased the cutting region temper-
atures, but to a lesser degree. Higher values of radial depth 
of cut increases the contact area between abrasive grain and 
workpiece, thereby increasing the required grinding forces to 
promote plastic deformation and workpiece material shear-
ing. Consequently, the grinding power is increased, which 
results in greater heat generation at the contact zone, thereby 
increasing the cutting region temperature. Similar results of 
grinding temperature increase with radial depth of cut were 
observed by Li et al. [40] in the grinding of Inconel 718 
with cBN grinding wheels, and by Chen et al. [41] in grind-
ing Inconel 718 with cBN grinding wheels, while using an 
optimized cooling–lubrication technique.

A noteworthy observation from Fig. 11b is that the cut-
ting region temperature, as a function of abrasive type, 
showed similar behavior according to the variation in the 
radial depth of cut (ae), resulting in interaction graphs with 
near parallel curves. This behavior is a consequence of 
low statistical significance of the interactions, as shown in 
Table 8 (P-value equal to 0.9).

4 � Conclusions

After performing grinding experiments of Inconel 718 with 
the two conventional abrasive grit types (white aluminum 
oxide—WA and green silicon carbide—GC) and cutting 
fluid applied via conventional technique (wet grinding), the 
following conclusions can be drawn:

•	 Grinding Inconel 718 with the GC wheel contributed to 
improved surface finish in comparison with the use of 
the WA wheel. In general, a 14% and 19% reduction were 
observed for Ra and Rz, respectively.

•	 The use of GC grinding wheels promoted, in general, the 
development of cutting region temperatures 55% higher 
in comparison with grinding with the WA wheel.

•	 Comparing the two conventional abrasives types (WA 
and GC), in terms of surface roughness, the GC is more 
suitable for grinding Inconel 718 with conventional 
cutting fluid application (wet grinding), even though it 
presents higher cutting region temperatures. However, 
emphasis is here placed on the fact that for high mate-
rial removal rates (e.g., higher values of radial depth of 
cut), the higher attrition wear of the GC abrasive grits 
contributes to further increases in temperature at the con-
tact zone, thereby generating a slightly rougher ground 
surface in comparison with WA wheel.
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