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Abstract
In this study, rotary ultrasonic assisted end grinding (RUAEG) of silicon nitride  (Si3N4) was discussed. In addition, com-
parison of RUAEG with conventional end grinding was carried out. Machining parameters effect on the process was 
experimentally and statistically distinguished. Moreover, interaction of the influential parameters was discussed and the 
optimum condition was obtained. It is concluded from interaction plots that ultrasonic vibration influence on surface 
roughness was greater in lower cutting depths and higher rotational speeds. Moreover, by RUAEG process, it could acquire 
higher material removal speed with lower thrust force. Exerting ultrasonic vibration on the tool was more influential 
comparing to other grinding parameters. From morphological examinations, that was concluded RUAEG of ceramics 
results in lower amount of scratches, diminishing grinding lines and smoothing the surface due to be knocked continu-
ously by the tool.

Keywords Silicon nitride · Rotary ultrasonic assisted end grinding · Conventional end grinding · Surface roughness · 
Statistical study · Morphology

1 Introduction

Silicon nitride  (Si3N4) plays an influential role in develop-
ment of ceramic materials required for advanced appli-
cations. Firstly, final cost of this material is low, because 
 Si3N4 is easily produced, and silicon and nitrogen are two 
prevalent elements. Secondly,  Si3N4, such as silicon carbide 
(SiC), is generally considered to be the most non-oxidizing 
ceramic material that is oxidizing resistant. Thirdly,  Si3N4 
could be readily converted to full density bodies, and the 
body that is made from this material has high strength [1].

Si3N4 has a great strength/weight ratio. This ceramic 
material has high bond strength, good thermal shock sta-
bility (by cause of its small thermal expansion coefficient), 
good oxidation resistance (compared with other high tem-
perature ceramic materials) and high failure toughness 
together with high strength in high temperatures. This 
material  (Si3N4) can withstand mechanical and electrical 

stresses [2]. In recent decades, ceramics based on SiC and 
 Si3N4 are employed as base materials in gas turbines, car 
engines, industrial, energy systems, cutting and welding 
tools, wiring and extrusion processes, wear-resistant parts, 
bearings and other engineering applications, which are 
owing to exceptional properties.

Brittle nature of  Si3N4 makes it impossible to absorb 
high stresses by using plastic deformation mechanism. 
Therefore machining and especially grinding processes 
induce cracks and subsurface damages in the workpiece 
[3] and under conditions such as periodic mechani-
cal loadings, the workpiece fails [4]. Since engineering 
ceramics are mostly used as electrical insulators, use of 
new machining methods is also limited. Because methods 
such as electrochemical machining or electro discharge 
machining requires a conductive component [5]. In addi-
tion, due to the use of  Si3N4 in sensitive locations, such as 
turbine blades, high surface quality is required. To solve 
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the machining problem on ceramic parts, some research-
ers presented laser-machining method [6–9].

Blugan et al. [10] placed a  Si3N4 part under laser-beam 
machining. The rays radiated two-dimensionally with a 
picosecond spacing and cut the 450-mm thickness mate-
rial. Surface quality of the tests was acceptable. Zhang 
et al. [11] used traditional grinding and laser grinding 
method for  Si3N4 machining and showed that during the 
laser grinding process, machining forces were significantly 
reduced in all directions.

On the other hand, in spite of all laser machining advan-
tages, this method has also disadvantages such as high 
price, difficulty of materials cutting with thickness of 
greater than 6 mm, low productivity and need for a pro-
fessional operator [12]. In this regard, other methods have 
been used such as exerting ultrasonic vibration on the tool 
[13, 14], using tools with various materials such as SiC [15] 
and diamond grinding for machining of  Si3N4.

Since  Si3N4 and SiC ceramics have hardness of more 
than 1500 Vickers, diamond grinding from the sight of 
economics and surface quality, is the best machining 
technique to reach the final shape of the ceramic work-
pieces. This technique is especially useful when cylindrical, 
curved or other complex surfaces with high surface quality 
is needed. Various researchers have been studying  Si3N4 
grinding [16, 17]. Stolarski et al. [18] have investigated 
amount of loading and abrasive grain size in the grinding 
operation of  Si3N4 ceramics. Dobrescu et al. [19] studied 
facial damages in the grinding operation and claimed that 
facial detriments amount depend on tool grain size.

Ceramic grinding parameters such as cutting velocity, 
rotational speed, grain size, type of adhesive, etc., should 
be adjusted correctly to obtain the desired quality.

Principle of using vibration assisted machining meth-
ods was initially proposed by Kumabe [20]. Principle of the 
indicated technique is to add a frequency of up to 40 kHz 
with a low ultrasonic vibrational amplitude (2–30 μm) on 
the tool-workpiece [21]. Kato and Takeyama [22] stated 
machining force and chips size will be decreased in ultra-
sonic assisted drilling comparing to conventional drilling. 
This phenomenon was also confirmed by Barani et al. [23]. 
By reducing the force, formation of the built-up edge can 
also be reduced. Therefore, hole quality will be enhanced 
with ultrasonic vibration assistance.

Rotary ultrasonic assisted machining process is an 
operation which is based on exerting ultrasonic vibra-
tion on the tool [24]. Firstly rotary ultrasonic assisted sur-
face machining was applied by Uhlmann et al. [25] and 
influence of different tools in various cutting depths and 
rotational speeds on surface quality and material removal 
speed were examined. Moreover, Amini et al. [26] inves-
tigated thrust force, burr and chip in vibration assisted 
drilling and conventional drilling. Besides, rotary ultrasonic 

assisted drilling of reinforced composites with glass fib-
ers [27, 28] and carbon fibers [29] was investigated in our 
last researches that lower delamination was obtained 
comparing to conventional drilling. Li et al. [30] studied 
rotary ultrasonic assisted machining of ceramic matrix 
composites and it was also shown in this study that feed-
ing speed has an influential effect on the machining force. 
Some researchers also conducted multi-objective optimi-
zation on rotary ultrasonic assisted machining of different 
materials [31–33].

Previous studies show that  Si3N4 ceramics due to spe-
cial applications in various industries in special conditions 
such as high temperature, high wear, etc. situations, as well 
as the need to be formed in different or to achieve high 
surface quality, attracted attention of numerous research-
ers. Rotary ultrasonic assisted end grinding method that 
has been previously introduced, like conventional grinding 
techniques, could cause surface and subsurface damages. 
Therefore, it is required further researches.

Based on previous researches in the rotary ultrasonic 
assisted end grinding (RUAEG) process, parameters of 
feeding speed, cutting depth and rotational speed are the 
superb elements affecting grinding force and surface qual-
ity [34]. In this study, in spite of most previous researches 
that used water as a coolant, establishing  CO2 gas will be 
examined. Afterwards, influence of machining parameters 
in conventional end grinding (CEG) and RUAEG processes 
on thrust force and surface quality experimentally, mor-
phologically and statistically will be deeply investigated.

2  Materials and methods

In this study, experimental tests were carried out in two 
ways: CEG and RUAEG. Experiments were conducted 
on a china made CNC milling machine. A special fixture 
designed for the  Si3N4 workpieces. Ultrasonic vibration 
generator (made in KIA Co., Taiwan) was also used in order 
to perform RUAEG process. System resonance frequency 
and vibration amplitude were 20.5 kHz and 15 µm, respec-
tively. Ultrasonic vibration amplitude was measured by 
PU-09 gap sensor (AEC Co.). Cooling gas  (CO2) pressure 
was 5 bar. Particular tool was used for RUAEG operation. 
Tool components were transducer, horn and diamond core 
tool. Experiments establishment has been demonstrated 
in Fig. 1.

Thrust forces were obtained via Kistler type 9257B 
dynamometer and then analyzed by Dynoware applica-
tion. Surface roughness was measured by Hommel Etamic 
roughness meter device. To measure surface roughness, 
probe moves 4 mm in length axis onto a work piece and 
measures distance of 10-point peaks and valleys over a 
source line, then reports mean of the numbers as surface 
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roughness. Surface roughness measurement was car-
ried out in three places and the average value reported. 
Besides, Easson Visual Measurement Machine (VMM) was 
used in order to determine delamination on the holes.

Si3N4 workpieces are in rectangular shape 
(3 * 12 * 50 mm) from Lianyungang Highborn Technology 
Co., Ltd. Density, Elastic modulus and Poisson’s ratio of 
used  Si3N4 are 3.26 g/cm3, 310 GPa and 0.25.

Design of experiments in CEG and RUAEG is presented 
in Table 1.

3  Results and discussion

3.1  Thrust force

Thrust force data is transformed from Dynoware software 
to Microsoft Excell software and analyzed. To conduct 
experiments, in the beginning, ultrasonic vibration gen-
erator is turned on in order to perform RUAEG process. 
Then, when the tool reaches the middle of the workpiece, 
the generator is turned off to conduct CEG process. In each 

Fig. 1  Experiments compo-
nents
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process, there are three areas in thrust force measurement: 
beginning, stable and ending. Measured thrust force is 
belonged to stable part. Measuring area of thrust force in 
both processes is plotted in Fig. 2.

Figure 3 exhibits machining parameters influence on 
thrust force. As depicted in Fig. 3a, increasing feeding 
speed increases thrust force in both processes. Based on 
the mechanics of cutting metals, by feeding speed inclin-
ing, tool and workpiece engagement surface increases, 
and as a result, the thrust force increases.

As depicted in Fig. 3a, thrust force in CEG increases more 
as compared to RUAEG. In RUAEG, thrust force increases 
with a smoother slope that is because of change in the 
nature of the material removal process.

Another investigation in the rotary ultrasonic machin-
ing (RUM) operation shows that low feeding speed reduces 
the thrust force, which is due to the high micro-cracks [35].

As shown in Fig. 3b, in both CEG and RUAEG, thrust 
force on the tool is reduced by increasing the rotational 
speed. By increasing cutting velocity, cutting plate area 
or initial deformation region volume decreases, so less 
energy is required to remove the material and increases 

cutting efficiency. Also, with increasing cutting velocity, 
frictional force between tool and the workpiece decreases 
[36, 37].

Moreover, according to Fig. 3b, rotational speed incre-
ment induces more thrust force reduction in RUAEG com-
pared to CEG. Generally, vibration cutting mechanism that 
causes interruption of the tool-workpiece contact, results 
in average thrust force reduction compared to machining 
without vibration [38].

On the other hand, thrust force reduction initially occurs 
suddenly and then decreases softly [39].

Similar changes have been observed in the thrust force 
of the rotary ultrasonic assisted milling of BK7 and K9 glass 
by rotational speed variation [35, 40].

Based on Fig. 3c as cutting depth increases, deforma-
tion of the material will be changed from ductile to brittle. 
Hence, more force will be exerted on the tool. Moreover, 
in RUAEG, discontinuous tool-workpiece contact results in 
lower average thrust force in contrast with CEG. Further-
more, as demonstrated in Fig. 3c in larger cutting depths, 
more thrust force is observed. In larger cutting depths, 
more chips are created and remained under the tool or 
adhered to that, which induce more thrust force in CEG. 
In RUAEG, because of alternative motion of the tool, chips 
could be escaped more easily by  CO2 gas and therefore 
more thrust force reduction are observed in larger cutting 
depths.

As demonstrated in Fig. 3, thrust force is effectively 
reduced while using ultrasonic vibrations. During RUAEG 
process, due to ultrasonic vibration, abrasive grain 
moves in a sinusoidal curve. Since the tool and work-
piece interrupts intermittently, the workpiece is continu-
ously impacted in this process, while in CEG, this state 
does not exist. In RUAEG process, the workpiece suffers 
a severe impact. Friction decreases due to the reduced 

Table 1  Design of experiments

Feeding 
speed 
(mm/
min)

Rotational 
speed (rpm)

Cutting depth (µm)

1st test group 3, 6, 8, 12, 
16, 24

5440 60

2nd test group 8 1110, 1750, 
2220, 2720, 
3500, 5440

60

3rd test group 8 5440 30, 40, 60, 80, 100, 120

Fig. 2  Thrust force measure-
ment in 5440 rpm rotational 
speed; 16 mm/min feeding 
speed; 60 µm cutting depth
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adhesion of the chip to the tool, which it was because 
of reduction in length of chip-tool contact. On the other 
hand, in RUAEG, by exerting vibration, relative speed of 
tool head will not be zero. While in CEG, relative speed 
of the tool is zero which causes severe material plastic 
deformity forward the tool. In CEG, because of uninter-
rupted tool-workpiece contact, tool wears more rapidly 
comparing to RUAEG that afterwards induces more 
thrust force.

Other factors affecting thrust force reduction in 
RUAEG consist of breaking and crushing of chips in 
RUAEG method that is due to longitudinal collisions of 
tool and workpiece which consequently, more space 
between tool and workpiece will be created and chips 
could escape easier [41].

In this research, by using Minitab software, analysis 
of variance (ANOVA) was conducted on thrust force out-
comes (Table 2).

By using results of Table 2 and Minitab software, statisti-
cal linear regression analysis between thrust force results 
and rotational speed, cutting depth and feeding speed 
was performed and a relationship was presented in both 
CEG and RUAEG (Table 3).

The P value in Table  2 indicates that the difference 
between the mean of the data is significant. The smaller 
the P value for one parameter, more important that param-
eter will be.

Sum of squares and mean of squares are used to cal-
culate the P value. Almost, researchers report P value in 
their papers and used in calculations. Mean of squares 
is obtained through dividing the sum of squares by the 
degree of freedom and indicates change of each param-
eter influence upon the outcome parameter (thrust force). 
Based on Table 2, ultrasonic vibration has the greatest 
effect (29.36%) on thrust force reduction. Cutting depth, 
rotational speed and feeding speed are in the next orders. 
In this research, due to the degree of freedom uniform-
ity, mean of squares and sum of squares were equal. On 
the other hand, sum of squared error in this study shows 
that 4.29% of data variation cannot be predicted using this 
model, which is negligible.

Also, high value of R-Squared (92.09%) indicates that 
the ratio of thrust force variation to input factors towards 
specifying a linear regression correlation is at a high reli-
ability level.

To illustrated the relationship between different param-
eters and their impact on machining results, interaction 
plot is depicted in Fig. 4. Since all the lines in the Fig. 4 are 
parallel and without interrupt, results that they have no 
interaction. In Fig. 4a, it is observed that in higher feed-
ing speeds, effect of the ultrasonic vibration parameter is 
greater and results in more reduction in the thrust force. 
However, in the lower feeding speeds, this effect is dimin-
ished. Of course, feeding speed variation in lower feeding 
speeds also have slight effect on the thrust force varia-
tion. Otherwise, in the case of RUAEG, we will have lower 
amount of thrust force increase by feeding speed incre-
ment and the workpiece could be machined by higher 
feeding speeds and also lower thrust force. That is obvi-
ous in Fig. 4e, h which in the case of RUAEG, the effect of 
increasing the cutting depth decreases, and in this case, 
greater cutting depths could be utilized comparing to CEG. 
Therefore, higher material removal speed is acquired with-
out the thrust force increasing. Reducing the thrust force 
reduces tool wearing, which in turn results in longer tool 
life in case of RUAEG. In Fig. 4k, it is also observed that the 
distance between the points in the RUAEG mode is closer 
and, as a result, thrust force increases slower by rotational 
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speed decrement. In general, it can be concluded from 
the diagrams that by applying vibrations, higher feeding 
speed and cutting depth and lower rotational speed could 
be exerted that is a significant outcome. Therefore, higher 
material removal speed can be acquired.

3.2  Surface roughness

By Hommel Etamic roughness meter device, surface 
roughness plots derived. One sample plot is demonstrated 
in Fig. 5.

Surface roughness is influenced by the input machining 
factors. Different investigations have been performed to 
examine various machining parameters effect on surface 

roughness. Cong et al. [42] inspected the effect of every 
process input or their composition in ultrasonic assisted 
machining of stainless steel. Ultrasonic vibration and its 
interaction with rotational speed were the most influential 
parameter on the surface roughness.

In this study, to evaluate the surface quality, mean of 
ten points surface roughness is used. Figure 6 depicts 
diverse machining condition effects on surface roughness.

In Fig. 6a, surface roughness is depicted in different 
feeding speeds. The higher the feeding speed, the greater 
the surface roughness. The lowest surface roughness 
occurs at the minimum feeding speed. In general, due to 
the use of carbon dioxide gas for cooling and gas penetra-
tion in the tool-workpiece contact area, friction coefficient 
decreases [43] and hence surface roughness is reduced.

Also, in higher feeding speed conditions, machin-
ing area temperature increases, the friction coefficient 
increases, and hence surface roughness increases.

In addition, as illustrated in Fig. 6b, rotational speed 
increment results in surface roughness reduction. Zhang 
et al. [44] examined various process variables influence 
on RUM of K9 crown crystal. Compressed air is exerted on 
the machining area to cool the tool-workpiece space. The 
results indicated an increase in surface roughness by feed-
ing speed increment, while by increasing the rotational 
speed, surface roughness reduces. This surface roughness 
decline in rotary ultrasonic machining process was asso-
ciated with the material removal named as “microchips” 
in ultrasonic assisted machining, while in the traditional 

Table 2  ANOVA results of 
thrust force

Parameters df Sum of squares Mean of squares Contribution (%) F-value P value

C 1 1450.8 1450.8 23.11 10.61 0.004
F 1 89.9 89.9 3.20 0.66 0.427
R 1 2.7 2.7 19.02 0.02 0.890
U 1 785.9 785.9 29.36 5.75 0.027
C * C 1 1623.0 1623.0 3.87 11.87 0.003
F * F 1 176.6 176.6 2.10 1.29 0.270
R * R 1 76.2 76.2 1.49 0.56 0.464
C * U 1 53.9 53.9 4.51 0.39 0.538
F * U 1 34.3 34.3 0.56 0.25 0.622
R * U 1 493.9 493.9 3.52 3.61 0.073
C * C * C 1 1205.3 1205.3 2.76 8.82 0.008
F * F * F 1 421.3 421.3 0.67 3.08 0.095
R * R * R 1 156.6 156.6 0.26 1.15 0.298
C * C * U 1 350.9 350.9 0.57 2.57 0.126
F * F * U 1 150.6 150.6 0.29 1.10 0.307
R * R * U 19 260.2 260.2 0.43 1.90 0.184
Error 15 2597.2 136.7 4.29
Lack of fit 4 2597.2 173.1 4.29
Pure error 35 0.0 0.0 0.0
Total 100

Table 3  Statistical relationship between thrust force and input 
parameters

F feed speed, R rotational speed, C cutting depth

Process Regression model

CEG Thrust force = 283.0 − 7.96 C + 5.27 F − 0.
0079 R + 0.1223 C * C − 0.615 F * F − 0.0
00015 R * R − 0.000476 C * C * C + 0.023
6 F * F * F

RUAEG Thrust force = 141.7 − 7.27 C + 7.35 F + 0.
0363 R + 0.1111 C * C − 0.769 F * F − 0.0
00019 R * R − 0.000476 C * C * C + 0.023
6 F * F * F

R-squared = 92.09%
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process, larger chips produce a cavity and the surface 
roughness increases accordingly. In RUM process, lower 
thrust force provide more finished surface. Kuruc et al. [45] 
experimentally examined surface roughness in RUM of 
PCBN (Polycrystalline Cubic Boron-Nitride) and observed 
this process is able to provide better surface quality for 
hard materials. Higher rotational speed and larger abrasive 
grains lessen surface roughness.

Furthermore, low rotational speed results in changing 
deformation mechanism from ductile to brittle deforma-
tion. Brittle deformation induces cracks and scratches on 
the surface and hence, surface quality will be worse.

On the other hand, it can be said that the greater the 
cutting depth in the workpiece, amount of wear and there-
fore deformation of the tool increases and the generated 

heat increases. Besides, with constant rotational speed 
and increasing cutting depth, the attrition wear (adhe-
sion wear) increases and tendency to self-sharpenability 
via grain-separating decreases that results in creation of 
larger flattened areas and larger thrust force. Thus amount 
of surface roughness will increase [46] that results of 
experiments in this study in Fig. 6c demonstrates the same 
condition. Also, increase in the wear speed of the grinding 
tool as a result of cutting depth increment, causes abrasive 
grains to go out of their places [47]. Additionally, increas-
ing cutting depth results in increasing contact area of the 
abrasive grain-workpiece that causes tangential force 
increment. As a result, friction coefficient increases too.

Chipping occurs when the abrasive grit sufficiently 
penetrates in the workpiece. This amount of cutting by 
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an abrasive grain corresponds to the undeformed chip 
thickness. On the other hand, the amount of surface 
roughness is directly correlated with the undeformed 
chip thickness [48]. Factors such as friction coefficient, 
elastic deformation and plastic deformation in grind-
ing area lead to change in the amount of undeformed 
chip thickness. The less the amount of undeformed chip 
thickness, the better surface quality will be obtained 
[48]. Cutting depth increasing and carbon dioxide gas 
blowing reduce the friction coefficient and, as a result, 
decrease the undeformed chip thickness [49] and induce 
less surface roughness.

In the following, statistical analysis of variance 
between surface roughness data and input parameters 
is conducted that outcomes are detailed in Table 4.

In the following, using the information in Table 4, analy-
sis of linear regression for surface roughness is generated 
(Table 5).

From the interaction plot in Fig. 7, as discussed in last 
section, that could obtain information about interaction 
of the machining parameters. That is seen from Fig. 7a that 
up to 16 mm/min in RUAEG process, the points are closer 
comparing to the traditional machining process, which can 
result in higher surface quality at the same higher feeding 
speeds. That is obtained from Fig. 7e, ultrasonic vibration 
is more influential on surface roughness in lower cutting 
depths. Moreover, in RUAEG, surface roughness can be fur-
ther affected and reduced by reduction of cutting depth. 
According to Fig. 7f, k, ultrasonic vibration effects are more 
evident at higher rotational speeds. In addition, surface 
roughness at rotational speeds from 1110 to 5440 rpm, 
decreases faster in RUAEG compared to CEG. These results 
are in accordance with the previous explanations.

3.3  Observation of surface quality

Quality of the machined surfaces in CEG and RUAEG pro-
cesses is shown in Fig. 8. From Fig. 8a, it is concluded that 
by ultrasonic addition, machining lines that were created 
by abrasive grains contact with ceramic surfaces, could 
be deduced and surface quality will be improved. Due to 
applying ultrasonic waves, the tool impacts on the sur-
face and causes the surface to be knocked, resulting in a 
smoother surface (Fig. 8b).

In addition, according to Fig. 9, it can be concluded 
that by feeding speed decrement, surface cracks caused 
by the collision of tools with  Si3N4 are reduced and the 
surface becomes even more homogenous. Feeding speed 
increment induces higher applying force on the workpiece 
that leads to crack creation. Feeding speed variation has 
been demonstrated in two CEG and RUAEG processes. 
That is observed in RUAEG process, effect of feeding 
speed deduction is lower and even better surface quality 
is obtained at higher feeding speeds. Machining lines in 
CEG process (Fig. 9d) is diminished in ultrasonic assisted 
process (Fig. 9b), and more uniform surface is achieved.

It is evident from Fig. 10 that by reducing the rotational 
speed due to thrust force increase, the material will be dug 
from workpiece surface and lower surface quality will be 
acquired. At higher rotational speeds (Fig. 10c), amount of 
scratches are lowered and distributed in the form of small 
cavities on the surface. In RUAEG mode (Fig. 10a, b), these 
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holes are lessened and even at lower rotational speeds 
(Fig. 10a) the amount of cavities is less than the same con-
dition in CEG (Fig. 10d).

Figure 11a, b depicts that surface quality gets much 
worse owing to cutting depth incline and indicates high 
impact of cutting depth parameter on surface quality 
which was also obtained from analysis of variance in the 
previous section. Increasing cutting depth induces surface 
roughness increase. By increasing cutting depth, distance 
of top of the abrasive grain from machining surface is 
increased and thereupon more material will be machined 
by the grinding tool that leads to material digging (Fig. 11) 
and gives the low surface quality. In addition, as previously 
observed, applying ultrasonic vibration reduces amount 
of cavities and the better surface quality will be acquired 
comparing to CEG.

3.4  Optimization

Using optimization tool in Minitab software and regres-
sion models (Tables 3, 5); optimal values for RUAEG and 
CEG on  Si3N4 ceramics are depicted in Fig.  12. Since 
thrust force and surface roughness have been reduced 
by applying vibration in all experiments, the CEG mode is 
not considered to find out optimum condition. Optimum 
conditions actually represent the best surface quality 
with the least created force that according to Fig. 12, 
with 3  mm/min feeding speed, 5440  rpm rotational 
speed and 30 μm cutting depth in RUAEG mode could be 
obtained. In Fig. 12, value of “d” represents the individual 
desirability for each thrust force and surface roughness. 
The value of “D” also indicates the combination desir-
ability of response parameters (Eq. 1). As both of “D” 

Table 4  Surface roughness 
ANOVA results

Parameters df Sum of squares Mean of squares Contribution(%) F-Value P-Value

C 1 0.0012 0.0012 23.77 0.02 0.889
F 1 0.1370 0.1370 7.52 2.34 0.143
R 1 0.5490 0.5490 12.71 9.36 0.006
U 1 0.0421 0.0421 42.96 0.72 0.407
C  *  C 1 0.0090 0.0090 4.17 0.15 0.700
F  *  F 1 0.0008 0.0008 0.00 0.01 0.911
R  *  R 1 0.4011 0.4011 1.16 6.84 0.017
C * U 1 0.5960 0.5960 0.17 10.16 0.005
F * U 1 0.3567 0.3567 0.33 6.08 0.023
R * U 1 0.2043 0.2043 3.83 3.48 0.078
C * C * C 1 0.1111 0.1111 0.18 1.89 0.185
F * F * F 1 0.0025 0.0025 0.00 0.04 0.838
R * R * R 1 0.3387 0.3387 0.46 5.77 0.027
C * C * U 1 0.4555 0.4555 0.74 7.77 0.012
F * F * U 1 0.2860 0.2860 0.41 4.88 0.040
R * R * U 19 0.0743 0.0743 0.10 1.27 0.274
Error 15 1.1145 0.0587 0.50
Lack of fit 4 0.6441 0.0429 0.87 0.37 0.932
Pure error 35 0.4704 0.1176 0.63
Total 100

Table 5  Statistical relationship between surface roughness and input parameters

Process Regression model

CEG Surface rough-
ness = 7.16 − 0.0072 C + 0.206 F − 0.00360 R − 0.000288 C * C − 0.0013 F * F + 0.000001 R * R + 0.000005 C * C * C − 0.000058 F * F *F

RUAEG Surface rough-
ness = 6.13 + 0.0647 C − 0.007 F − 0.00450 R − 0.000692 C * C + 0.0054 F * F + 0.000001 R * R + 0.000005 C * C * C − 0.000058 F * F * F

R-squared = 97.24%
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and “d” are closer to “1”, more ideal condition would be 
obtained. On the other hand, whatever approaches zero, 
one or a combination of response parameters is outside 
the range. The geometric mean value with the specified 
weights of each of “d”s gives the value of D:

(1)D =

(

∏
(

d
wi

i

)

)
1

w

which if the value of the weights (wi) is the same, the rela-
tion becomes as follows:

That di is distinct desirability concerning to the ith 
respond, wi is influence of the ith respond, w is sum of wi 
( 
∑

wi ), and n is amount of responds.

(2)D =

(

d
1
× d

2
×⋯ × dn

)
1

n
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Fig. 7  Interaction plot for surface roughness

Fig. 8  Surface topology under CEG and RUAEG processes (× 34)
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4  Conclusions

In this investigation, rotary ultrasonic assisted end grind-
ing of  Si3N4 using core drill were discussed. Thrust force 
and surface quality of the machined face in conventional 
end grinding and rotary ultrasonic assisted end grind-
ing were inspected. Furthermore, to examine effect of 
the machining parameters, ANOVA was carried out. A 
suitable linear regression correlation in both CEG and 
RUAEG was presented. Following results were obtained:

1. Feeding speed increment induces thrust force incre-
ment in CEG more rapidly in comparing to RUAEG. 
Therefore, higher feeding speeds could be utilized 
with lower thrust forces by exerting ultrasonic vibra-
tion on the tool.

2. By statistical calculations, that is obtained the influ-
ence percentages of ultrasonic vibration on thrust 
force and surface roughness were respectively 29.36% 
and 42.96%, which implies the most affective factor on 
thrust force and surface roughness is ultrasonic vibra-
tion.

3. By applying ultrasonic vibrations, higher feeding 
speed, rotational speed and cutting depth could be 
applied (means higher material removal speed) with-
out more thrust force.

4. Due to applying ultrasonic waves, the tool impacts 
on the surface and causes the surface to be knocked, 
resulting in smoother surface and diminishing machin-
ing lines. Furthermore, size of scratches was lessened 
by applying ultrasonic vibration.

Fig. 9  Surface topology under CEG and RUAEG processes in different feed rates (× 34)
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Fig. 10  Surface topology under CEG and RUAEG processes in different spindle speeds rates (× 34)

Fig. 11  Surface topology under CEG and RUAEG processes in different cutting depths (X 34)
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5. Optimization operation results that lower feeding 
speed and cutting depth and higher rotational speed 
plus ultrasonic vibration addition induce better sur-
face quality and lower thrust force.
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