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Abstract
In this article, a study on intermittent surface grinding using aluminum oxide grinding wheel with ceramic binder is presented.  

The testing material is 20XH3A steel (GOST standard – Russian Federation). The testing sample has been sawn 6 grooves, with the 
width of each groove of 10 mm, the grooves are evenly distributed on the circumference of sample. The testing sample resembles  
a splined shaft. An experimental matrix of nine experiments has been built by Taguchi method, in which abrasive grain size, work-
piece speed, feed rate and depth of cut were selected as input variables. At each experiment, surface roughness (Ra) and roundness 
error (RE) have been measured. Experimental results show that the aluminum oxide and ceramic binder grinding wheels are perfect-
ly suitable for grinding intermittent surface of 20XH3A steel. Data Envelopment Analysis based Ranking (DEAR) method has been 
used to solve the multi-objective optimization problem. The results also showed that in order to simultaneously ensure minimum 
surface roughness and RE, abrasive grain size is 80 mesh, workpiece speed is 910 rpm, feed rate is 0.05 mm/rev and depth of cut  
is 0.01 mm. If evaluating the grinding process through two criteria including surface roughness and RE, depth of cut is the parameter 
having the greatest effect on the grinding process, followed by the influence of feed rate, workpiece speed, and abrasive grain is the 
parameter having the least effect on the grinding process. In addition, the effect of each input parameter on each output parameter 
has also been analyzed, and orientations for further works have also been recommended in this article.
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1. Introduction
The grinding operation has a very important position in mechanical production. This me-

thod is used for machining surfaces with high accuracy requirements [1, 2]. Among the grinding 
methods, external cylindrical grinding is a highly universal method, used to machine round sur-
faces such as center shaft to be fitted with bearings (ball bearings, plain bearings), splined shaft, 
gears, rollers, mangle, etc. However, if the studies of grinding of continuous surfaces have been 
done by many authors, the documents on interrupted surface grinding have been still very limited. 
Products with interrupted surfaces are usually made by grinding method such as engine piston 
ring, drill bits, gears, splined shaft, etc. [3–5]. However, as mentioned above, the studies in this 
area have been still very limited. Because of this, when cylindrically grinding of intermittent sur-
faces, there are many difficulties in finding reference documents. Despite great efforts in locating 
relevant documents, the authors of this article have found only a very limited number of studies on 
intermittent surface cylindrical grinding.

The research of external cylindrical plunge grinding on interrupted surface of AISI 4340 steel 
has been carried out in a number of studies, using different types of grinding wheels, such as us-
ing aluminum oxide grinding wheel with pine resin binder [6], using aluminum oxide grinding 
wheel with epoxy resin binder [7], using aluminum oxide grinding wheel with vitrified binder [8], 
and using CBN grinding wheel [9]. The results of these studies together have made the following  
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conclusions: (1) both surface roughness and roundness error in interrupted surface grinding are 
higher than those in continuous surface grinding; (2) when increasing plunge-feed rate, both surface 
roughness and roundness error increase; (3) both surface roughness and roundness error increase 
when the number of grooves in the workpiece increases; (4) grinding wheel wear also increases when 
increasing plunge-feed rate and when increasing number of grooves on the grinding wheel; (5) and 
no damage to the grinding surface due to the impact of cutting heat was observed. However, all four 
works mentioned above are applicable to the case of cylindrical plunge-feed grinding, when the thick-
ness of grinding wheel is greater than the length to be ground on workpiece surface. In fact, cylindri-
cal longitudinal feed grinding is much more commonly used than cylindrical plunge-feed grinding 
because the length of surfaces to be ground is usually larger than the thickness of grinding wheel.

In [10], the authors have studied cylindrical longitudinal feed grinding of interrupted surface of 
AISI 4140 steel using aluminum oxide grinding wheel with a vitrified binder. This study has conclu-
ded: (1) workpiece speed affects surface roughness and roundness error more than depth, and the effect 
of number of grooves on workpiece on surface roughness and roundness error is the smallest among 
the three investigated parameters (workpiece speed, depth of cut and number of grooves); (2) both 
surface roughness and roundness error increase when increasing depth of cut, and when increasing 
number of grooves on workpiece. This study has also determined the optimal value of spindle speed, 
depth of cut, and number of grooves on workpiece to simultaneously ensure the same minimum 
surface roughness and roundness error. However, their research results show that the optimal value 
of number of grooves on grinding wheel is zero (i.e. continuous surface grinding), so it can be said 
that the research results in this work are not significant when applied to interrupted surface grinding.

Aluminum oxide grinding wheel has the advantage of low cost (compared to diamond 
grinding wheel or CBN grinding wheel), so it is very commonly used in grinding technology.  
Although it is known that compared to grinding wheels with resin binder or vitrified binder, grind-
ing wheel with ceramic binder have the disadvantage of poor impact resistance, in fact, this grind-
ing wheel is still commonly used both in the case of grinding of continuous surface and grinding  
of interrupted surface. However, so far, there have been no published studies on the use of alumi-
num oxide grinding wheel with ceramic binder for interrupted surface grinding. It is also from the 
above studies and other related documents [11–13] showing that surface roughness and roundness 
error are two of the parameters commonly used to evaluate the cylindrical grinding process. This is 
also easily explained because surface roughness is the parameter directly affecting wear resistance, 
endurance, and strength of joint, while roundness error is the parameter directly affecting accuracy 
of joint, thereby greatly affecting the workability and durability of the product.

Based on the inheritance and development of published studies, for the purpose of filling 
the gaps of unrealized interrupted surface grinding technology, in this article, let’s study the pro-
cess of cylindrical longitudinal feed grinding on interrupted surface by aluminum oxide grinding 
wheel with ceramic binder. The main purpose of this study is to determine the abrasive grain size  
and cutting parameters to simultaneously ensure the minimum surface roughness and the mini-
mum roundness error.

2. Materials and methods
The testing sample is 20XH3A steel (GOST standard – Russian Federation), this is com-

monly used steel for manufacturing units such as gears, splined shafts, etc. These parts all require 
to be machined by grinding method. Fig. 1 shows the cross section of workpiece with 6 grooves. 
The length of workpiece is 300 mm, in which the two ends of workpiece with a diameter of 40 mm 
are the positions used to mount and place the workpiece on the grinder, the part of workpiece  
diameter for grinding is 50 mm in diameter. The size of external diameter of workpiece as well as 
the number of grooves and the size of grooves on workpiece are similar to the size of splined shaft 
in the gear-box of a number of machine tools [14].

These splined shafts are both responsible for transmitting motion between the shafts and 
serving as a guide for the gears when moving to change the speed of driver unit. These shafts are 
fitted with gears (or hub) in a centered manner equal to the external diameter of the shaft [15]. 
Therefore, the outer surface of shaft is required to have a small roughness and roundness error, so 
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these parts often require to be machined by grinding method both during manufacture and during 
repair. In order to create these workpieces, the operations of center hole drilling, outer cylindri-
cal surface turning, groove milling, heat treatment (after heat treatment, the workpiece hardness  
reaches 60 ± 1 HRC), and rough grinding have been used.

Fig. 1. Cross section of the workpiece

The tests have been conducted on a traditional grinder with six values of spindle speed (in-
cluding: 80, 160, 165, 330, 250 and 500 rpm). Three types of grinding wheel with ceramic binder 
have been used during the experiment. The only difference between the three types of grind-
ing wheel is in the abrasive grain size. The full symbols of the three types of grinding wheel 
are Cn46⋅G⋅V1⋅TB2 300´40´140´35 m/s, Cn60⋅G⋅V1⋅TB2 300´40´140´35 m/s, and Cn80⋅G⋅V1⋅TB2 
300´40´140´35 m/s. The meaning of each component is the symbol of grinding wheel is as  
follows: Cn is the symbol indicating the type of abrasive grain material as aluminum oxide;  
46, 60 or 80 is the parameter indicating the abrasive grain size, i.e. the number of meshes per square 
inch of classifying screen; G describes the ceramic binder; V1 describes the type of cylindrical 
grinding wheel; TB2 describes the type of grinding wheel with an average hardness of level 2 out  
of 3 levels; external diameter, thickness and internal diameter of grinding wheel are 300 mm, 
40 mm and 140 mm, respectively; in accordance with the recommendation of grinding wheel ma-
nufacturers, these type of grinding wheels should not be used when the cutting speed is greater 
than 35 m/s for the safety of operator and the safety of equipment. This is a low-cost grinding 
wheel, used in many grinding methods (cylindrical grinding, centerless grinding, surface grinding)  
to grind a variety of materials [16].

During the grinding process, the workpiece is mounted on two quills, and the torques is 
transmitted from the main shaft to the workpiece through the rest mechanism (Fig. 2).

Fig. 2. Experimental setup for the grinding tests: a – view from the front; b – view from the side

Surface roughness (Ra) of the grinding surface has been measured at least three times on 
each testing sample using SJ201 surface roughness tester. During the measurement, the standard 
length of measurement has been set to 0.8 mm, the radius of tip has been 0.005 mm, the measuring 
direction has been parallel to the sample centerline (i.e. perpendicular to the cutting velocity vector).  
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The surface roughness value at each experiment is the average value of consecutive measurements. 
Mitutoyo Crysta – Plus M544 3D coordinate measuring machine has been used to measure roundness 
error (RE). Roundness error has been also measured on each sample at least three times at different 
cross-sections. The roundness error value at each experiment has been also calculated as the aver-
age value of consecutive measurements. Multiple measurements per sample (both surface roughness 
and roundness error) is intended to reduce the effect of measurement errors on measurement results

With four input parameters, each parameter has been selected with three levels of values as 
shown in Table 1. The selection of value of input parameters has been based on the ability of the expe-
rimental machine to adjust those parameters as well as in accordance with several documents [16, 17].

The Taguchi method has been used to design the experimental matrix. If this method has 
been used in this study, it was because this is the method enabling the design of matrix with a mini-
mum number of experiments but enabling a large number of input parameters, there are many levels 
of values in each parameter, the values of input parameters do not need to follow any rules, and the 
parameters can be in qualitative form [18, 19]. Indeed, with four input parameters, when designing 
in the form of a Box-Behnken matrix or in the form of Composite Central Design (CCD), a minimum 
of twenty-five experiments is required, while designing in the form of a full two-level matrix also 
requires at least sixteen experiments [20, 21]. On the other hand, the values of abrasive grain size 
in this study are 46 mesh, 60 mesh and 80 mesh, respectively, where 60 is not the average value of  
46 and 80 (i.e. 60 ¹ (46+80)/2). Similarly, with the ability to adjust the spindle speed (workpiece speed), 
the value of 250 rpm is also not the average value of 165 rpm and 250 rpm (i.e, 250 ¹ (165+250)/2).  
In this case, other than the Taguchi method can be used, other methods cannot be applied.

Table 1
Input parameters

Input parameters Symbol Unit
Value at levels

1 2 3
Grain size Gs mesh 46 60 80

Workpiece speed nw rpm 165 250 330
Feed rate fd mm/rev 0.05 0.075 0.09

Depth of cut ap mm 0.01 0.015 0.02

In fact, with four input parameters, each with three levels of values, when designing by the 
Taguchi method, there will be two options, on is a matrix of nine experiments, the other is a ma-
trix of twenty-seven experiments. However, the essence of designing the experimental matrix of 
twenty-seven experiments is the triple repetition of the matrix of nine experiments. This is intended 
to reduce the effect of random errors during the experiment on outputs [18]. In this study, for the 
purpose of reducing costs for the experimental process, the nine experiments option has been used. 
The experimental matrix consisting of nine experiments is shown in Table 2.

In addition to the four input paramenters which will change the value of each parameter at 
each test as shown in Table 2, the grinding process has been performed with the following conditions:

– cutting velocity: 31.88 m/s (the grinder has only one spindle speed of 2,030 rpm);
– dressing the grinding wheel with 1-grain diamond dresser with its symbol of 3908-0088 C 

(Russian Federation), dressing depth is 0.01 (mm), and dressing feed rate is 120 mm/min;
– a 10 % aqueous emulsion solution is provided to the grinding zone at a flow rate of  

12 liters/min.

3. Results and discussion
The test results are shown in Table 2. All surface roughness values in this table are less 

than 1.6 mm, which shows that the aluminum oxide grinding wheel with ceramic binder completely 
meets the requirements of surface roughness when grinding of interrupted surfaces [2]. All values 
of roundness error in Table 2 correspond to level 5 of it (look up the level of roundness error in 
accordance with the value of roundness error and the diameter size). This level of roundness error 
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is also within the range of it of the workpiece when machining by external cylindrical grinding 
method (when externally cylindrical grinding, the roundness error is from level 3 to level 6) [22]. 
This also shows that using an aluminum oxide grinding wheel with ceramic binder also meets the 
roundness error requirement when grinding of interrupted surfaces.

The grinding experiment in case of continuous surface workpiece has also been conducted 
in accordance with the matrix in Table 2. The test results are also shown in this table. The results 
show that both surface roughness and roundness error in interrupted surface grinding are larger 
than those in continuous surface grinding. In which, the surface roughness in interrupted surface 
grinding increases by about 50 % compared to that in continuous surface grinding, and it is about 
36 % for roundness error.

Table 2
Experimental matrix and results

Trial.
Input parameter Interrupted surface 

workpiece
Continuous surface 

workpiece

Gs (mesh) nw (rpm) fd (mm/rev) ap (mm) Ra (mm) RE (mm) Ra (mm) RE (mm)
1 46 165 0.05 0.01 0.638 6.520 0.432 4.781
2 46 250 0.075 0.015 0.651 6.938 0.446 5.032
3 46 330 0.09 0.02 0.648 7.292 0.410 5.325
4 60 165 0.075 0.02 0.652 7.066 0.403 5.216
5 60 250 0.09 0.01 0.648 6.812 0.446 4.981
6 60 330 0.05 0.015 0.518 6.832 0.362 5.062
7 80 165 0.09 0.015 0.622 6.922 0.408 5.012
8 80 250 0.05 0.02 0.490 6.948 0.309 4.911
9 80 330 0.075 0.01 0.512 6.775 0.366 5.428

In Fig. 3, 4, respectively, it is Pareto chart of the effect of input parameters on surface rough-
ness and roundness error, in which the significance level has been chosen as 0.05 [23]. At this level 
of significance, the value of limiting curve (red curve) is 2.78. If the curve of an input parameter 
exceeds the limit, it is considered that such parameter has a significant effect on responses [23].  
Accordingly, abrasive grain size is the parameter having the greatest effect on surface rough-
ness, followed by the effect of feed rate. Workpiece speed has the third greatest effect on surface 
roughness, while depth of cut has no significant effect on surface roughness. This is explained as  
follows: The grain size of grinding wheel determines the number of size of scratches left on work-
piece surface, so it greatly affects the surface roughness [2, 24]. Changing feed rate and workpiece 
speed will also change the «stacking» of scratches caused by abrasive grains left on workpiece sur-
face [2, 24]. Therefore, these two parameters have a great effect on surface roughness. This result 
is similar to those in several studies [25, 26].

For roundness error, all four input parameters significantly affect roundness error. In which, 
the effect of input parameters on roundness error increases gradually in the order of abrasive grain 
size, workpiece speed, feed rate and depth of cut. This problem is explained as follows: depth of 
cut is the parameter directly affecting the component of radial force acting on workpiece suface 
and material removal rate. When changing the cutting depth, it will change the component of radial 
force as well as material removal rate, affecting the forming mechanism of workpiece surface, 
thereby affecting roundness error [27]. The change of feed rate and spindle speed changes the time 
of radial force acting on workpiece surface, thereby changing the rigidity of workpiece as well as 
machine, leading to the effect on roundness error [28]. The change of abrasive grain size will also 
change the depth of cut of abrasive grain left on the workpiece surface, i.e. it also affects the round-
ness error through the component of radial force. However, since the change in abrasive grain size 
is much smaller that in the change in depth of cut, the effect of abrasive grain size on roundness 
error is therefore smaller than that of depth of cut. 
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Fig. 3. Pareto chart of the standardized effects for surface roughness

Fig. 4. Pareto chart of the standardized effects for roundness error

Thus, it is possible to see that the effect of input parameters on surface roughness and round-
ness error is not the same, even opposite. For example, abrasive grain size is the parameter having 
the greatest effect on surface roughness but it is the parameter having the least effect on roundness 
error, or depth of cut has the negligible effect on surface roughness, but it is the parameter having 
the greatest effect on roundness error. This shows that if only observe two Fig. 3, 4, it will cause 
us a great difficulty and it can be said that it is impossible to determine the values of input param-
eters to ensure both surface roughness and roundness error with small values. The data in Table 2 
shows the smallest surface roughness in experiment No. 8, but the roundness error has the smallest 
value in experiment No. 1. Thus, observing the datas in Table 2 will also fail to determine the 
value of input parameters to ensure both surface roughness and roundness error with small values. 
Therefore, in order to achieve the stated goal of determining input parameters to simultaneous-
ly ensure both surface roughness and roundness error with small values, it is necessary to solve  
the multi-objective problem. 

In this study, the DEAR method has been selected to solve the multi-objective optimization 
problem. This is a simple method, which has been performed in many studies, in many different 
fields such as multi-objective optimization of turning process [29, 30], multi-objective optimiza-
tion of EDM machining [31], etc. The steps to follow the DEAR method are as follows [32–34]:

Step 1: at each experiment, weights for the response will be calculated in accordance with (1), (2):

 WRa
i

i
i
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Ra

Ra

=

=
∑

1

,  (1)
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In which: Rai and REi are surface roughness and roundness error at experiment i, respec-
tively; m is the total number of experiments.

Step 2: calculating the multi response performance index (MRPI) by the following (3):

 MRPI Ra RERa i RE ii i
= ⋅ + ⋅W W .  (3)

Step 3: corresponding to the level of each input parameter that the value of MRPI at that 
level is the smallest, such level is considered the best. 

Step 4: calculating the difference of the largest MRPI minus the smallest MRPI of each in-
put parameter (Max–Min), which the parameter having the largest value is considered to have the 
greatest effect on the machining process.

From the experimental data in Table 2, the weights of responses, and the MRPI values at 
each experiment have been calculated in accordance with the from (1) to (3), as shown in Table 3. 
From the data in Table 3, the MRPI values of allinput parameters at all levels have been calculated. 
These values have been calculated as the sum of the MRPI values of each parameter at the respec-
tive levels, as shown in Table 4.

Table 3
Weights of responses and MRPI at experiments

Trial
Weight

MRPI
Ra RE

1 0.11861 0.10498 0.76017
2 0.12103 0.11171 0.85386
3 0.12047 0.11741 0.93425
4 0.12121 0.11378 0.88296
5 0.12047 0.10969 0.82524
6 0.09630 0.11001 0.80145
7 0.11563 0.11146 0.84343
8 0.09109 0.11188 0.82194
9 0.09518 0.10909 0.78782

Table 4
Total MRPI values of parameters at the levels

Parameter
Levels

Max–Min
1 2 3

Gs 2.54827 2.50966 2.45319 0.09509
nw 2.48656 2.50104 2.52352 0.03696
fd 2.38356 2.52464 2.60291 0.21935
ap 2.37322 2.49874 2.63916 0.26594

From the data in Table 4, it shows that the abrasive grain size has the smallest total 
MRPI value corresponding to level 3, while the remaining three parameters all have the small-
est total MRPI value corresponding to level 1. Thus, the optimal value of abrasive grain size is  
80 mesh (level 3), of spindle speed is 165 spm (level 1), of feed rate is 0.05 mm/rev (level 1), and 
of depth of cut is 0.01 mm (level 1). The Max–Min of MRPI value is 0.26594 is biggest, being the 
depth of cut. Thus, if evaluating the grinding process through two parameters of surface roughness 
and roundness error, depth of cut is the parameter having the greatest effect on grinding process, 
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followed by the effect of feed rate, abrasive grain sive, and spindle speed is the parameter having 
the least effect on grinding process among the four investigated parameters.

A number of experiments with optimal values of input parameters have been conducted, the 
results showed that the average values of surface roughness were roundness error are 0.502 (µm) 
and 6.665 (µm), respectively. When comparing these experimental results with the experimental 
values in Table 2, it is obvious that the output parameters have been significantly improved. 

In this study, only four input parameters were considered, including abrasive grain size, 
spindle speed, feed rate and depth of cut. Regarding the responses, only surface roughness and 
roundness error have been considered. Consideration of more input parameters, with more output 
parameters need to be done in the near future.

4. Conclusions
Some conclusions are as follows:
– both surface roughness and roundness error in interrupted surface grinding increase com-

pared to those in continuous surface grinding, specifically, surface roughness increases by about 
50 % and roundness error increases by about 36 %;

– the aluminum oxide grinding wheel with ceramic binder completely meets the require-
ments of surface roughness and roundness error when grinding of interrupted surfaces;

– abrasive grain size is the parameter having the greatest effect on surface roughness, fol-
lowed by the effect of feed rate and workpiece speed. Depth of cut has no significant effect on 
surface roughness;

– all four parameters have a significant effect on roundness error, in which depth of cut  
is the parameter with the greatest effect, followed by feed rate, workpiece speed, and finally abra-
sive grain size;

– if evaluating the grinding process through two parameters of surface roughness and 
roundness error, depth of cut is the parameter having the strongest effect on grinding process, fol-
lowed by the effect feed rate, abrasive grain size and workpiece speed;

– in order to simultaneously ensure that surface roughness and roundness error have the 
same minimum values, the optimal values of abrasive grain size, spindle speed, feed rate and depth 
of cut are 80 mesh, 165 rpm (25.9 m/min), 0.05 mm/rev, and 0.01 mm, respectively;

– studying the durability of aluminum oxide grinding wheel with ceramic binder to grind 
the interrupted surface of 20XH3A steel, as well as studying the microstructure of machined sur-
face are the works that the authors of this article will carry out in the near future.
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