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Abstract. The work is devoted to the problem of calculating the surface 
roughness during magnetic abrasive processing. Cutting grains have 
random dimensional characteristics, are randomly located on the surface of 
the tool, the workpiece has an irregular profile. The cutting parts of the 
grains partially remove the chips and partially elastoplastically deform the 
metal. Some of the vertices fall into the marks on the surface of the 
workpiece formed by the previous processing, and some - on the marks 
from the passage of the previous vertices. This process is determined by 
the probability of contact of the top of the grain with the metal. The 
developed probabilistic-theoretical model makes it possible to predict the 
removal of metal from the treated surface depending on the time and 
parameters of the operation, which creates the prerequisites for their use in 
the design of polishing operations.  

1 Introduction  
During magnetic-abrasive processing, grains, compacted by a magnetic field, interact with 
the treated surface, forming its profile. Due to the stochastic nature of the interaction, the 
resulting profile is also random. The characteristics of this profile and the roughness 
parameters obtained as a result of processing are determined by the distribution of grain 
sizes, cutting tops on them, the location of these tops over the surface of the workpiece, the 
original profile of the workpiece, and the force factor of interaction. In addition, a number 
of deterministic factors, such as the properties of the processed material, the characteristics 
of the tool (inductor), the parameters of the cutting mode, etc., affect the formation of the 
profile of the machined surface. 

To predict the roughness obtained during magnetic abrasive machining, it is necessary 
to take into account the interaction of these stochastic parameters and deterministic 
parameters and their influence on the microcutting process, which forms the profile of the 
machined surface [1-4]. 

Modeling the machining process usually involves creating a mathematical description of 
three subsystems, the first of which characterizes the technological system, the second 
characterizes the cutting process, and the third one characterizes the output function, which 
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forms the output indicators of the process. With regard to magnetic abrasive machining, the 
input parameters of the technological system are: 

- initial roughness of the workpiece; 
- physical and mechanical properties of the processed material; 
- parameters of cutting conditions; 
- properties of the tool (geometric parameters of the tool and the parameters of the 

magnetic abrasive powder) [5-7]. 
The structural model of the magnetic abrasive machining process is shown (Fig. 1). 
The phenomena in the contact zone of the tool (inductor) and the workpiece are 

determined by the cutting process subsystem. It is this subsystem that forms the result of 
processing - the profile of the processed surface, which is formed due to the removal of 
metal from the surface of the workpiece. 

 
Fig. 1. Structural model of the magnetic abrasive machining process. 

Magnetic abrasive grains combine magnetic and abrasive properties and have a different 
number of corners with randomly distributed radii. The depth of grains penetration into the 
workpiece material depends on these radii, as well as on the cutting force and 
microhardness of the workpiece [8]. 

The cutting parts of the tops of the grains partially remove the chips, and partially 
elastically-plastically deform the metal. The resulting risks are superimposed on the already 
created profile. Therefore, when the grain passes the contact zone of the tool with the 
workpiece, the cutting part of the grain contacts the metal only part of the time. Some of the 
vertices fall into the marks on the surface of the workpiece, formed by the previous 
processing, and some - into the marks from the passage of the previous vertices [9, 10]. 
This process is determined by the probability of contact of the top of the grain with the 
metal. 

2 Research methodology 
Stochastic modeling of the process of forming the profile of the processed surface is based 
on the analytical transformation of the distribution functions of the random parameters of 
the interaction of the cutting tops of the grains with the processed surface into the 
distribution function of the ordinates of the profile of the processed surface. The approach 
used somewhat increases (in comparison with the Monte Carlo method) the complexity of 
the dependences obtained, sometimes requiring the use of numerical methods, 
approximation, and simplification of the dependences [11, 12, 13]. 

The analytical approach is in fact the opposite of the Monte Carlo method. Its main 
advantage is high performance: the distribution law and its parameters are obtained on the 
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basis of analytical dependencies without the use of numerous cyclic calculations. This can 
take a significant amount of time to analyze dependencies. However, the high speed of the 
expressions obtained as a result of using the analytical approach makes its use preferable. 

3 Results and discussion 
Magnetic abrasive machining is commonly used to polish surfaces after finishing contour 
milling. 

Ball milling cutters are most often used for milling complex-profile surfaces. The 
roughness profile depends on the cutter radius and cross feed S (Fig. 2). 

 
Fig. 2. Formation of microroughnesses during milling. 

Taking into account the plastic deformation of the metal during milling, the shape of the 
resulting notch is set by the power dependence 

u = axb.       (1) 

In this case, the maximum risk height 

Rmax = a(S
2� )b.      (2) 

To describe the surface profile during abrasive processing, Yu.K. Novoselov [14, 15] 
proposed to use the probability of material removal. Depending on the level y and the 
processing time τ, this probability is calculated by the formula: 

PM(y, τ) = 1 − exp�−a0(y, τ) − a1(y)�,    (3) 

where а0 = kcλbз characterizes the formation of a profile in the contact zone of the tool 
with the workpiece; 

a1 - characterizes the surface profile of the workpiece before processing; 
kc - chip formation coefficient; 
λ - is the number of tops of grains that have passed a given section of the workpiece; 
bз - is the average value of the grain width at the level of the conditional outer surface of 

the workpiece; 
τ - time. 
For a workpiece, a0 = 0 and the probability of material removal, which describes its 

profile, is determined by the dependence PM(y) = 1 − exp�−a1(y)�. 
With magnetic abrasive machining, metal removal occurs mainly from the top of the 

marks and the roughness introduced by the process is initially significantly less than the 
height of the marks after milling. In fact, we can assume that the top of the risks is cut off 
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and the resulting profile has the form shown in (Fig. 3). In this case, the roughness of the 
horizontal platform is initially significantly less than the roughness of the entire surface. 

 
Fig. 3. Form the risks after removing a part of the metal. 

The height of the risks is reduced by the amount of metal removal Δ, which is 
determined taking into account the probability of material removal PM(y,τ). The roughness 
of the resulting surface is calculated by integrating the risk profile: 

𝑅𝑅𝑎𝑎 = 2
𝑆𝑆 ∫ |𝑢𝑢(𝑥𝑥) −𝑊𝑊|𝑑𝑑𝑑𝑑𝑆𝑆/2

0 ,     (4) 

where W is the coordinate of the profile midline. 
Analytically calculating the integral in expression (4) for the risks of (Fig. 3), we obtain 

the formula for calculating the roughness parameter Ra: 

𝑅𝑅𝑎𝑎 = 2
𝑆𝑆
�𝑊𝑊(2𝑥𝑥∗ − 𝑥𝑥1) − 𝑎𝑎

𝑏𝑏+1
(2(𝑥𝑥∗)𝑏𝑏+1 − 𝑥𝑥1𝑏𝑏+1) + (𝑢𝑢𝑚𝑚𝑚𝑚𝑚𝑚 −𝑊𝑊)(𝑆𝑆/2 − 𝑥𝑥1)�,  (5) 

𝑊𝑊 = 2
𝑆𝑆 ∫ 𝑢𝑢(𝑥𝑥)𝑑𝑑𝑑𝑑𝑆𝑆/2

0 = 2
𝑆𝑆
� 𝑎𝑎
𝑏𝑏+1

𝑥𝑥1𝑏𝑏+1 + �𝑎𝑎 �𝑆𝑆
2
�
𝑏𝑏
− ∆� �𝑆𝑆

2
− 𝑥𝑥1��.   (6) 

where 𝑥𝑥1 = �(𝑆𝑆 2� )𝑏𝑏 − ∆/𝑎𝑎�
1/𝑏𝑏

; 
Δ – metal removal; 
a and b - risk parameters (1). 
Fig. 4 shows the change in Ra with increasing Δ. 

 
Fig. 4. Change in roughness when removing from the top of the risk. 

In fact, the roughness value will tend not to zero, as in the graph in (Fig. 4), but some 
positive value, determined by the process of magnetic abrasive processing. 
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To determine the introduced roughness, let us consider the process of interaction 
between the tool and the workpiece at discrete moments of time τк, corresponding to the 
exit of the magnetic circuit with grains from the contact with the workpiece. In this case, 
the value of the probability of contact (3) is determined by the coefficient a0(y,τк). 
Assuming that the grain tops are distributed in accordance with the density f(u) = 1,5

tF
1,5 √u, 

and the profile of the grain top is described by the dependence bz = 2�2ρ(tF − y − u), the 
expression for of this coefficient at the moment of the exit of the magnetic circuit from 
contact with the workpiece τк (Fig. 5) takes the form: 

a0(y, τк) = 3𝜋𝜋𝑘𝑘𝑐𝑐𝑛𝑛𝑧𝑧
8𝑡𝑡𝐹𝐹

1.5 (𝑡𝑡𝐹𝐹 − 𝑦𝑦)2𝐿𝐿𝑝𝑝�2𝜌𝜌.     (7) 

where tF is the maximum cutting depth, nz is the number of grains per unit surface of the 
tool, ρ is the average radius at the top of the grain, kc is the chip formation coefficient. 

 
Fig. 5. Relative reference length of the profile. 

The relative reference profile length tp is determined by the values of the metal removal 
probability. In fact, tp = (1 - P(y)) 100%. In this case, the argument tp is also the relative 
level, expressed as a percentage: p = (y/tF) 100%. 

Multipass is considered to calculate the probability of material removal. In this case, the 
probability of metal removal in a steady-state processing mode is calculated by the formula: 

𝑃𝑃(𝑦𝑦) = 1 − exp (−𝑄𝑄∑ (𝑡𝑡ф − 𝑦𝑦 − 𝑘𝑘∆)2)𝑚𝑚
𝑘𝑘=0 .    (8) 

To calculate the height parameter of roughness Ra, you can use the formula: 

𝑅𝑅𝑅𝑅 = ∫ �1 − 𝑃𝑃(𝑦𝑦)�𝑑𝑑𝑑𝑑𝑊𝑊
0 + ∫ 𝑃𝑃(𝑦𝑦)𝑑𝑑𝑑𝑑𝑡𝑡ф

𝑊𝑊       (9) 

where W is the coordinate of the midline: the level y at which P(y) = tp = 0.5. 
Expressing these dependences in dimensionless form, we obtain a system of equations 

that must be solved numerically: 

�
𝑚𝑚 = �1−𝑝𝑝

𝑋𝑋
� ;

𝑝𝑝 = 1 − 𝑏𝑏+�𝑏𝑏2−4𝑎𝑎𝑎𝑎
2𝑎𝑎

.
        (10) 

where X=Δ/tF;  
a=m+1; 
b=Xm(m+1); 
c=𝑋𝑋2 𝑚𝑚(𝑚𝑚+1)(2𝑚𝑚+1)

6
− 𝐹𝐹1. 

W = ptF.          (11) 
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After that, the roughness of the treated surface is calculated by the formula 

𝑅𝑅𝑅𝑅 = 1
𝜋𝜋𝜋𝜋∑ (𝑊𝑊−𝑘𝑘∆)𝑚𝑚

𝑘𝑘=0
,                  (12) 

Calculation example: 
Let F1 = 19.21581; X = 0.026008; tF = 0.0003 mm; Q = 1267431 1 / mm2. 
Solving the system of equations (10) by the simple iteration method, we obtain: p = 

0.512141; m = 249; W = 1.54e-05 mm. In this case, Ra = 1.03E-05 mm = 0.0103 microns. 
For approximate calculations, instead of solving the system of equations (10), we can 

assume p = 0.5. 

4 Conclusions 
1. The analytical approach to constructing stochastic models can significantly reduce 

the time for predicting the quality indicators of magnetic abrasive machining, providing the 
necessary accuracy of calculations. 

2. Magnetic abrasive machining is most often used for polishing milled surfaces across 
the lines. In this case, metal removal mainly occurs from the tops of the scratches until their 
height is comparable to the roughness introduced by the polishing itself. 

3. The developed stochastic models make it possible to predict the roughness of the 
processed surface depending on the time and parameters of the operation, which creates the 
prerequisites for their use in the design of polishing operations. 
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