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Quality control method of inner surface of 
valve sleeve in abrasive flow machining 

Junye Li1,2, Liwei Sun1, Zhibao Zhu1, Linsen Song1*, Weihong Zhao1, Chengyu Xu1,Ying Xu1 

 

Abstract:  The abrasive flow precision machining(AFPM) method is utilized to smooth the inner 

wall of the valve sleeve. Through the method of large eddy simulation(LES) and a reasonable sub-

grid model, numerical simulation analysis is performed on the inner surface of the abrasive flow 

machining (AFM) valve sleeve to predict the material removal efficiency and surface quality. The 

effects of wall shear force, dynamic pressure, particle pressure, and vortex on the particle flow are 

analyzed under different processing parameters. The mechanism of precision machining of the inner 

wall surface of the valve sleeve by abrasive flow is obtained. The experiment of AFPM was 

performed by response surface methodology. The results show: The processing pressure and the 

number of abrasive mesh have a significant impact on the AFM. Through the quadratic response 

surface plot and contour plot, it is found that the roughness has a minimum point and the best process 

parameters are obtained. After AFPM, the roughness of the inner wall of the valve sleeve can reach 

0.218μm. Finally, the roughness prediction model is established by using the analysis of variance 

method, and the quality control method of the inner wall surface of the valve sleeve is obtained. 

Keywords: Abrasive flow machining · Large eddy simulation · Particle pressure · Wall shear 

force · Response surface · Quality control 

1 Introduction 
Abrasive flow polishing has the characteristics of high accessibility, high-precision, and small 

processing deformation [1]. It is widely used in the surface polishing of complex structures such as 

internal cavities (such as fuel nozzles, combustion chambers, etc.), complex curved surfaces (such 

as turbine blades), etc. Because it is not restricted by the structure and size of the parts, it has been 
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applied to complex structures such as small holes, narrow slits, and complex cavities in the 

aerospace field [2]. With the continuous development of aerospace and precision machining 

industries, compared with civilian products, the system needs to have high stability, high 

coordination, and high-precision, which requires high-precision control valve couplings. The inner 

hole of the valve sleeve is generally a long and slender hole, which is difficult to precise process. 

Therefore, the method of AFM is adopted to realize the precision processing of the inner surface of 

the valve sleeve. This technology has been applied in the aerospace technology and weapons 

industry, and also expanded to other machinery industries. Such as textiles, medical treatment, 

sewing, precision gears, bearings, and mold manufacturing [3-5]. 

 Rajendra et al. [6] studied the influence of the number of abrasive mesh, volume fraction, and 

circulation times on the change of surface roughness and surface roughness percentage. The flow 

direction of the medium, the flow direction of abrasive particles, the direction of the single-point 

cutting blade tools, and the mechanism of material removal are analyzed through the micrographs 

after processing. Marcelo et al. [7] developed an AFM paste through "LicâniarígidaBenth" from 

Brazil. Aluminum 6061-T6 has the smallest roughness value among commercial pastes, and carbon 

steel SAE 1045 has better surface quality in newly developed pastes. CW Kum et al. [8] developed 

a MR prediction model for AFM machining by compensating for the increase of material in the 

severe part of material removal of nozzle guide vane. Palwinder et al. [9] developed a mechanized 

alloy magnetic abrasive through heat treatment with the development of manufacturing technology, 

which revealed the best process parameters: magnetic field density of 0.6 t, number of cycles of 25, 

extrusion pressure of 5.6 MPa, and the surface finish improved to 72.7%. Petare et al. [10,11] 

investigated the precision machining process of hobbing spur gears and compared the traditional 

abrasive flow finishing (AFF) and laser texturing assisted abrasive flow precision machining. The 

AFF of laser-textured hobbed spur gears (LTHSG) reduced the surface roughness and micro-

geometric errors (including deviations of the total profile, total lead, total pitch, and radial runout), 

reduced its operating noise and vibration, and improved operating performance and service life. Li 

et al. [12] carried out research on the technical problems of inner surface finishing of elbow parts 

and the mechanism of particles in AFPM of elbow parts, obtained the influence order of different 

parameters on the quality of AFPM, and established the optimal process parameters. Palwinder  

[13] used magnetic AFM to finish the micro-holes of aluminum cylindrical pipe workpiece samples 



and optimized the process variables by using the response surface method. The parameters that have 

a significant impact on the improvement rate of surface roughness are extrusion pressure, magnetic 

flux density, and the number of cycles. It is found through experiments that when the extrusion 

pressure is 800 psi, the magnetic field density is 6, and the number of cycles is 25, the best results 

are obtained, indicating that the surface roughness improvement rate after finishing is 72% 

(Ra22μm). Huang et al. [14] used the EDEM-FLUENT coupling method to calculate the gas 

transient flow field and the motion, dynamics and collision characteristics of the sand body, and 

used the Archard wear model to calculate the wear of the sandblasting machine and analyze the 

wear law. Wang et al. [15] proposed a new technology called chemical mechanical AFM (CM-AFM), 

which combines the mechanical action of abrasive flow and chemical (oxidation) reaction to 

improve polishing ability and efficiency. By introducing CM-AFM Technology makes it possible 

for abrasive flow polishing to have a smaller roughness. Ji et al. [16] proposed a method based on 

the cavitation effect to assist soft abrasive flow polishing, which is called CSAF. The surface 

roughness of the workpiece can be reduced to 3.46nm in a short time with satisfactory surface 

quality. Marzban et al. [17] found through experimental research that the use of abrasive flow 

rotation processing method, in addition to saving abrasive, the surface finish is the same as ordinary 

abrasive flow processing technology. Ge et al. [18] proposed an innovative technology based on 

cavitation gas-liquid-solid abrasive flow polishing (CGLSP) process. The energy generated by the 

cavitation effect is used to increase the kinetic energy of the abrasive particles in the fluid flow and 

the random movement of the abrasive particles near the surface. The research results show that: 

controlled polishing with cavitation and wear can obtain higher quality surfaces on large workpieces. 

After polishing with the CGLSP method, most of the surface irregularities, such as microcracks and 

block structures, are removed. 

Large Eddy Simulation is solving technique between direct turbulence simulation and Reynolds 

average equation. In LES, large eddies that strongly depend on special flow configurations are 

analyzed numerically, while only small-scale turbulence must be modeled by the sub-grid model 

(SGM). When solving the flow field, the large-scale vortex is directly solved by the filter function, 

and the small-scale vortex needs to be modeled. Therefore, the correct simulation of the sub-grid 

scale (small-scale) is the key to the successful simulation of the large eddy [19,20]. Li et al. [21] 

used the Smagorinsky SGM to carry out the LES of abrasive flow in the fuel nozzle. Under the 



Smagorinsky SGM, obvious vortices can be observed in the flow cross-section. Zhang et al. [22] 

used LES technology to simulate the three-dimensional transient turbulent flow in the whole flow 

passage of Francis turbine. The results show that LES can simulate the transient turbulent flow well 

in the Francis turbine with complex geometry. Shukla et al. [23] evaluated the effectiveness of LES 

in turbulent slit jet impact heat transfer with low nozzle-to-plate spacing, Smagorinsky, wall 

adaptive local eddy (WALE) viscosity, k equation, and the dynamic k equation were compared and 

analyzed, and it was found that the WALE and the dynamic k equation sub-grid stress (SGS) model 

performed well in the complex flow region where the turbulent slit jet impinges and heat transfers.  

 Aiming at the problems of machining and quality control of the inner surface of the valve 

sleeve, the AFM method is used for precision machining of the inner surface of the valve sleeve. 

Numerical simulation of the designed valve sleeve flows channel by the method of LES, exploring 

the law of abrasive particle action under different parameters of the inner wall surface of the valve 

sleeve for AFM, predicting the effect of different parameters on the processing quality, designing 

the response surface test program carry out AFM experiments and obtaining a quality control model 

to explore the quality control method of the inner wall surface of the AFM valve sleeve. 

2. Parameter setting and model construction 

2.1 Basic equations of the two-fluid model 
Mass equation and momentum equation 
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， kT  represent density, velocity and stress tensor respectively, 𝑓 is 

volume force. At the two-phase interface, the mass and momentum balance equation, the interface 

jump condition is expressed as: 
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In the formula: i
u


 is the interface velocity; kn  is the unit normal vector; mM  represents 

the interface force per unit interface area. By multiplying the mass and momentum conservation 

equations with the above-mentioned interface discontinuity condition of the phase equation

 k
X x,t , and then averaging, a series of local volume average conservation equations will be 

obtained. 

2.2 Construction of sub-lattice model 

The sub-lattice model used in this paper is the algebraic Wall-Modeled LES Model (WMLES). 

WMLES uses the Reynolds average method to simulate the flow field in the inner region of the 

boundary layer, and uses a LES method to simulate outside the near-wall region [24-26]. Define 

eddy viscosity: 

        322 1 25
t w Smag

v min kd , C S exp y /
             

 （6） 

Where wd  is the wall distance, S  is the strain rate, k  and 
SmagC  are constants, y

  is 

the value perpendicular to the internal scale of the wall. The LES model is based on the modified 

grid scale to solve the grid anisotropy in the wall modeling flow: 

   = ; , ;
w w w max wn max

min max C d C h h h    （7） 

Where 
max

h  is the maximum edge length of a straight hexahedral element (for other element 

types and/or conditions, use an extension of this concept). 
wn

h  is the wall normal grid spacing, 

and 
w

C  is a constant. 

In this paper, fluent software is used and a mixed-phase model is adopted, in which the particle 

phase is silicon carbide and the liquid phase is oil. The turbulence model is a LES, and the SGS 

term is closed by the WMLES model. The inlet adopts a pressure inlet, the outlet adopts a pressure 

outlet, and the radial holes are closed. The solution method selects the coupled coupling algorithm, 

the momentum selects the second-order upwind style, the transient equation is the boundary second-

order implicit equation, the time step is 0.001 s, the time steps are 1000 steps, and the total fluid 

flow time is 1 s. 



Designed valve sleeve parts have an inner diameter of 18 mm, an outer diameter of 26 mm, a 

height of 60 mm, and a radial hole diameter of 3 mm. Other relevant position dimensions are shown 

in Fig. 1. 

 

Fig.1 Specific dimensions of valve sleeve parts 

To ensure the uniformity of AFM, an inclined mold core is added in the middle of the flow 

channel. The structural cross-sectional view is shown in Fig. 2. 

 

Fig. 2 Cross-section of runner structure 

 The material of the valve sleeve workpiece is 304 stainless steel, and the national standard is 

06Cr19Ni10, which has good processing performance and toughness. The specific parameters are 

shown in Table 1, and the actual processed parts are shown in Fig. 3. 

 Table 1 304 stainless steel material properties 

Density 

 

g/cm³ 

Hardness 

 

HBW 

Tensile 

strength 

 MPa 

Conditional  

yield strength 

 MPa 

Longitudinal modulus of 

elasticity 

KN/mm2 

7.93 ≤201 ≥520     ≥205 193 



 

Fig. 3 Actual machining parts 

3.  Numerical simulation analysis of abrasive flow machining 

Dynamic pressure is an important factor in the analysis of particle rolling. To clarify the effect 

of processing pressure on the quality of wall processing, this paper uses processing pressure of 1 

MPa, 1.5 MPa, 2 MPa, and 2.5 MPa to obtain the dynamic pressure cloud diagram under different 

pressures in Fig. 4. From the dynamic pressure cloud Fig. 4 and the dynamic pressure curve of the 

near-wall area in Fig. 5, it can be found that with the increase of processing pressure, the dynamic 

pressure in the near-wall area gradually increases, causing the particles to rotate violently, increasing 

the amount of material removed, and improving the surface quality. High processing pressure will 

increase the degree of particle wear, reduce the removal rate of wall materials, and affect the surface 

quality. Therefore, it is not clear under which processing pressure the particles roll violently and 

cause the surface quality to decrease. It needs to further combines with experiments for 

comprehensive analysis. Under the same processing pressure, the dynamic pressure in the near-wall 

gradually decreases and remains stable. The material removal rate in the entrance section gradually 

decreases, as a result, the uniformity of wall processing is reduced. Under the pressure of 2.5 MPa, 

the dynamic pressure in the outlet section rises slightly. It leads to uneven processing in the outlet 

section. 

 

（a）1 MPa                      （b）1.5 MPa 



  

（c）2 MPa                      （d）2.5 MPa 

Fig. 4 Dynamic pressure cloud diagram under different pressures 

 

Fig. 5 Dynamic pressure curve near the wall under different pressures 

 To further clarify the influence of processing pressure on the surface quality of the inner wall 

surface of the valve sleeve in AFM, draw the shear force cloud diagram of the inner wall surface of 

the valve sleeve under different pressure inlets Fig. 6 (red represents the maximum wall shear force, 

blue represents the minimum Wall shear force). From the observation of the value bar, as the 

processing pressure increases, the wall shear force gradually increases. The tangential effect of the 

shear stress on the inner wall of the valve sleeve promotes the particles of micro-cut the bulge on 

the wall. Under the repeated action of a large number of particles, the wall material is fatigued and 

peeled off, so as to realize the precision machining of the wall by abrasive flow and improve the 

machining quality of the inner surface. From the color point of view, there is a higher wall shear 

force in the entrance section, which is mainly due to the similar degree of debris flow confusion and 

higher static pressure in the near-wall area and the mainstream area. The wall cutting effect is 

strengthened and the material removal rate is higher, but the overall processing uniformity is poor, 

which can be eliminated by lengthening the entrance distance. From 1 MPa to 2 MPa, the dark blue 



gradually decreases in the middle section and outlet section, the shear force on the wall is more 

uniform, the cutting effect of abrasive particles on the wall is consistent, and the surface quality is 

improved. When the pressure continues to increase to 2.5 MPa, the blue part increases, and the shear 

force on the wall is inconsistent. The processing of the wall surface is uneven and the surface quality 

is reduced. Although increasing the processing pressure can improve the wall shear force and the 

removal of abrasive particles on the material, the effect of the wall shear force is not uniform when 

the pressure is too large, which may affect the surface quality, so it is necessary to choose the 

processing pressure reasonably. 

 

（a）1 MPa                      （b）1.5 MPa 

 

（c）2 MPa                      （d）2.5 MPa 

Fig. 6 Wall shear force cloud diagram under different pressures 

 To further understand the mechanism of AFM, select cross-sections at different positions from 

the inlet (see Fig. 7) to draw a cross-sectional streamlines diagram under different pressures Fig. 8 

(red represents high speed and blue represents low speed). The presence of vortices represents a 

large shear force due to fluid friction. 



 

Fig. 7 Section slice of different position of runner 

In the inlet section (6 mm slices and 12 mm slices from the inlet section), it can be found that 

the distribution of vortices is disorderly in the 6 mm slices, and as the processing pressure increases, 

the number of vortices increases, and the size of the vortices gradually increases. When the abrasive 

flow reaches 12 mm, the vortices gradually approach the wall, and some large-scale vortices 

gradually become smaller. Due to the appearance of the large-scale vortex, the wall shear force of 

abrasive flow will be greatly increased, which is consistent with the large wall shear force at the 

inlet section and the violent movement of the abrasive particle flow at the inlet analyzed above. In 

the inlet section, the material removal is large and the surface processing quality is higher. It can be 

observed from the section streamline diagrams of the middle section (sections 21 mm, 30 mm, and 

39 mm away from the inlet) and the outlet section (sections 48 mm and 54 mm away from the inlet) 

that the large-scale vortex almost disappears with the flow continuing. The cross-sectional 

streamlines also become radial, and a large number of small-scale vortices appear near the wall. The 

main reason is that the channel structure changes, the middle wall is inclined to structure as well as 

the channel becomes narrow, the abrasive flow moves upward from the lower wall, the position of 

the vortex also moves upward, and the compression becomes smaller. Under the pressure of 1 MPa 

and 1.5 MPa, because the number of initial vortices is small and the size of vortices is not large 

enough, the vortices are consumed, the shear effect of fluid is reduced, the cutting effect of particles 

is weakened, and the surface processing quality is decreased. Under the pressure of 2 MPa, the 

vortex is close to the edge, and a large number of small vortices are evenly distributed around the 

wall, so the shear effect of the fluid is equivalent, and the wall processing is uniform. When the 

pressure reaches 2.5 MPa, there are large-scale and few vortices near the wall surface. Shearing 

force only achieves processing on part of the wall. Also, a large-scale vortex contains high energy, 

which may excessively remove the material on the wall surface and produce uneven surface 



processing. The energy dissipation of large-scale vortices is faster (converted into cutting energy). 

During the upward movement of the vortex, the number of vortices decreases gradually, and the 

surface material removal is not uniform enough, which seriously affects the processing uniformity 

of the inner wall of the valve sleeve. Through the analysis, it is found that increasing the processing 

pressure can improve the material removal rate of abrasive processing, but with the continuous 

increase of the processing pressure, the material removal is not uniform enough, and the surface 

processing quality becomes worse. Therefore, it is necessary to select a reasonable processing 

pressure for abrasive flow test processing.  

 

（a）6 mm                      （b）12 mm 

  

（c）21 mm                     （d）30 mm 

 

（e）39 mm                      （f）48 mm 



 

（g）54 mm 

Fig. 8 Streamline diagram of YOZ section at different positions under different pressures 

 The quality of AFPM is closely related to the particle diameter. Meanwhile, the pressure of the 

abrasive particles on the wall is related to the depth of cut of the abrasive particles, and the material 

removal rate will also have a greater impact, and the maximum depth of cut is closely related to the 

surface roughness. To clarify the impact of abrasive mesh on the quality of wall surface processing, 

this paper selects four different diameter particles to carry out numerical simulation of AFPM. The 

mesh number of abrasive grains are 400 mesh, 500 mesh, 600 mesh, and 800 mesh respectively. 

The larger the abrasive mesh, the smaller the abrasive particle size. Under the condition that the 

inlet pressure is 2 MPa, the pressure cloud diagrams of different abrasive mesh on the wall surface 

are obtained, as shown in Fig. 9. The particle pressure is defined as the force generated during 

particle collision, and the friction and wear of the wall can be predicted by the particle pressure. It 

can be seen from the maximum particle pressure that the maximum particle pressure gradually 

increases with the increase of the abrasive particle size, the particle mass becomes larger, and the 

collision between particles and between particles and the wall is more violent, and the force of 

particles impacting the wall is greater. The depth of pressing into the workpiece is greater. Moving 

forward under the action of a horizontal force, cutting the wall surface, ploughing occurs, a large 

number of particles are repeatedly acting, and the surface material of the workpiece is fatigued. 

Finally, removal of surface burr, bulge, and other defects. Although the material removal rate of 

large-size particles is high and the machining efficiency is higher, the surface roughness is difficult 

to control. In the case of 400 mesh, larger particles have a larger impact force, larger abrasive 

particles have a stronger cutting effect, easy to cut into the internal matrix, and reduce the wall 

roughness. In the case of 500 mesh and 600 mesh, the particle pressure distribution on the wall is 



uniform. However, when particles pressure of 500 mesh is higher, the depth of cutting into the 

workpiece is greater, the material removal is greater, the processing efficiency is higher, and the 

surface quality is better. As the mesh number continues to increase, when the mesh number is 800 

mesh, the pressure distribution of the particles is not uniform from the wall color. This is because 

with the decrease of the particle size, the degree of fluid confusion increases, a large number of 

particles are taken away by the fluid in the mainstream area, and the number of fluid near the wall 

decreases, resulting in uneven removal of wall materials and poor wall processing quality. 

 

（a）400 mesh                    （b）500 mesh 

 

（c）600 mesh                    （d）800 mesh 

Fig. 9 Particle pressure cloud diagram under different abrasive mesh 

 To better understand the changes of the wall parameters, take the axis section at an angle of 30 

degrees with the y axis and the straight line intersecting the wall at the positive semi-axis as the 

sampling line. The schematic diagram of the sampling line is shown in Fig. 10. 



 
Fig. 10 Schematic diagram of sampling line 

 To further analyze the changing trend of the wall shear force, the sampling line in Fig. 10 was 

selected to make the wall shear force curve Fig. 11 for different abrasive mesh. When the particle 

mesh is 400 mesh, 500 mesh, and 600 mesh, the particle pressure increases rapidly and then keeps 

stable. When the particle diameter is 800 mesh, the particle pressure increases rapidly and then 

decreases, and finally remains stable. The increase of particle pressure is due to the process of a 

particle collision in the inlet section takes a period time, and then remains stable. Under the 

condition of minimum particle size, the mass of particles is small, the fluidity is stronger, the 

disorder degree in the main flow area is large, some particles on the wall are brought to the main 

flow area, the particles on the wall are reduced, and the degree of collision between particles and 

the wall is weakened, which leads to the decrease of particle pressure. Therefore, in the actual 

processing, according to the actual processing needs to choose a reasonable abrasive particle size, 

large particle size can be used in abrasive flow rough machining, material removal is large, 

processing efficiency is high, intend to get higher surface quality, can use smaller particle diameter 

to achieve the purpose of precision machining. 



 

Fig. 11 The particle pressure curve under different abrasive mesh 

4.  Analysis of abrasive flow machining test 

4.1 Experimental design 

In this paper, selecting the Box-Behnken Design (BBD) experimental design method. Based 

on simulation, the three factors of processing pressure, abrasive mesh, and processing times are 

selected, as well as the surface roughness was taken as the evaluation index to carry out the 

optimization experiment. The response surface factor design level table was shown in Table 2. 

Table 2 Response surface design factor level table 

Factor Low level High level Center point 

Processing pressure 1.5 MPa 2.5 MPa 2 MPa 

Abrasive mesh 400 600 500 

Processing times 8 14 11 

To carry out scientific and rigorous experiments to ensure the consistency of different sets of 

workpieces before processing. This article selects the same batch of mechanically processed valve 

sleeve workpieces for AFM tests. The test selects 1 original workpiece(denoted as Ori) and 15 test 

workpieces. The test parts are numbered, and the label of the valve sleeve sample under different 

test conditions is marked as 01#, 02#, 03#, 04#, 05#, 06#, 07#, 08#, 09#, 10#, 11#, 12#, 13#, 14#, 

15#. The original workpiece is directly subjected to destructive testing without AFM to obtain the 

original surface accuracy of the workpiece. After the test workpiece is processed by AFM with 

different processing parameters, destructive testing is performed to obtain the surface accuracy after 

AFM. This paper used Minitab software to generate the BBD response surface design test table as 



shown in Table 3. 

Table 3 BBD response surface design test table 

Sample label Processing pressure（MPa） Abrasive mesh  Processing times 
01# 2 400 14 
02# 2 400 8 
03# 1.5 500 14 
04# 1.5 500 8 
05# 2 500 11 
06# 2 600 14 
07# 2.5 500 14 
08# 1.5 600 11 
09# 2 500 11 
10# 2.5 600 11 
11# 2 600 8 
12# 2 500 11 
13# 1.5 400 11 
14# 2.5 500 8 
15# 2.5 400 11 

 The Olympus microscope as shown in Fig. 12 was used to macroscopically inspect the inner 

wall of the valve sleeve. The microscope model is SZ61TR (C), and the macroscopic surface 

topography as shown in Fig. 13 was obtained. Through observation, it can be found that the drilling 

traces on the inner surface of the original workpiece were obvious, most of them are scratches along 

the circumference, and the wall surface was uneven. After being processed by abrasive flow, the 

degree of circumferential scratches on the inner wall surface is weakened, and gradually becomes 

small axial scratches, and the surface has a higher degree of flatness. Moreover, under the high 

particle size, the material removal ability is reduced, the surface circumferential scratches are more 

obvious, but the inner wall surface is brighter. This fully proves that high mesh particles are more 

suitable for polishing to improve the surface finish, while low mesh particles are more suitable for 

improving the material removal rate, processing efficiency, and surface quality. 



 

Fig. 12 Olympus microscope 

 

 

 

 

Fig. 13 Macroscopic surface morphology 

 To have a deeper understanding of the quality control law of different processing parameters 

on the inner wall surface of the valve sleeve processed by the abrasive flow. It was not rigorous and 

accurate to analysis the influence of different processing parameters on the processing quality of the 

inner wall surface of the valve sleeve only from the surface topography. Therefore, Mahr LD120 



surface roughness profile measuring instrument as shown in fig. 14 was used to detect the roughness 

of the inner surface of the valve sleeve. To obtained more accurate and reliable data, stroke distance 

of the stylus was 4mm. The roughness of all specimens was detected to quantitatively analyze the 

influence of different abrasive flow processing parameters on the machining quality of the inner 

surface of the valve sleeve. The specific data table was shown in Table 4. 

 

Fig. 14 Mahr LD120 surface roughness profile measuring instrument 

Table 4 Summary of inner surface roughness of valve sleeve 

Sequence Original 01# 02# 03# 04# 05# 06# 07# 

Ra（μm） 2.695 0.375 0.433 0.353 0.460 0.248 0.443 0.309 

Sequence 08# 09# 10# 11# 12# 13# 14# 15# 

Ra（μm） 0.633 0.218 0.499 0.545 0.232 0.519 0.284 0.448 

 The roughness value of the inner surface of the valve sleeve seriously affects the coordination 

between the valve core and the valve sleeve. If the surface is too rough, the operation of the valve 

core in the valve sleeve will not be smooth and occur sticking phenomenon, which will affect its 

working performance. However, the inner surface roughness of the valve sleeve after AFM decreased 

from 2.695 μm to 0.218 μm. Surface roughness has fallen by one order of magnitude. The test 

parameters of the samples 05#, 09#, 12# were the same as the center point of the test. Error size of 

AFM can be estimated, and the accuracy of the data can be guaranteed. The inner surface roughness 

of the valve sleeve reaches the minimum value under 2 MPa. Compared with sample 07#, the surface 

roughness increases under 2.5 MPa processing pressure, and higher processing pressure does not 

necessarily result in better surface quality. 

 To analyzed the micro-mechanism of abrasive cutting. Zeiss EVO MA25 scanning electron 



microscope was used to detect the surface micro-topography of the inner wall of the valve sleeve 

after the AFPM. The surface was magnified 500 times to observe the surface scratches and analyzed 

the micro-cutting mechanism of abrasive particles. The surface micromorphology before and after 

AFM was shown in Fig. 15. 

 

 

 

 
Fig. 15 Surface micromorphology before and after AFM 

 It can be seen from the fig. that the original has obvious protrusions and scratches in the 

circumferential direction, and the surface is not flat. After AFM, the surface unevenness is 

significantly reduced, and uniform strip-like scratches are formed in the axial direction. Comparing 

and analyzing Fig. 15 (01#) and (06#), (13#) and (08#), (02#) and (11#), (15#) and (10#), it can be 

found that as the number of particles increases, the circumferential uplift becomes more obvious, 

the ability to remove the workpiece material gradually decreases. From the scratch width in the fig., 

it is found that the cutting width of large abrasive is larger, the cutting distance is longer, the cutting 

width of small abrasive is smaller, the cutting length is smaller, and the scratch distribution becomes 

disordered. Therefore, small abrasive particles are more suitable for polishing to improve the surface 

finish. For parts with the poor basic surface, large abrasive particles can reduce the surface 

roughness and obtain better surface quality. And comparing (03#) and (09#), (04#) and (14#), (02#) 



and (15#), (12#) and (07#), it is found that as the processing pressure increases, the surface becomes 

smoother, but if the pressure is too high, the surface will appear deeper scratches, the surface quality 

will become worse, and the roughness value will increase. 

4.2 Analysis and optimization 

(1) Fitting model and analysis of variance 

Take the measured roughness value (as shown in Table 4) as the response, and apply the 

method of response surface regression analysis to analyze the variance of the processing pressure, 

the number of abrasive mesh, and the number of processing times. The fitting value and the residual 

value of the roughness in Table 5, the analysis of variance table in Table 6, and the model summary 

table in Table 7 were obtained. The least-square method was used to establish the quadratic 

polynomial between the surface roughness and different process parameters, and the roughness is 

set to y, the processing pressure is set to x1, the number of abrasive mesh is set to x2, and the number 

of processing times is set to x3. The response surface regression equation is obtained:  

2 2
1 2 3 1 2

2
3 1 2 1 3 2 3

7 024 1 747 0 018015 0 0884 0 3892 0 000019
0 002394 0 000315 0 02200 0 000037

y . . x . x . x . x . x

. x . x x . x x . x x

     

   
 

Table 5 Fitting value and residual value of roughness 

sample 

 label 

processing  

pressure 

abrasive  

mesh 

processing 

times 
roughness 

fitting 

value 
residual 

standardized 

residuals 

01# 2 400 14 0.375 0.386625 -0.01163 -1.46032 

02# 2 400 8 0.433 0.425125 0.007875 0.98925 

03# 1.5 500 14 0.353 0.341375 0.011625 1.460321 

04# 1.5 500 8 0.46 0.467875 -0.00788 -0.98925 

05# 2 500 11 0.248 0.232667 0.015333 1.179526 

06# 2 600 14 0.443 0.450875 -0.00788 -0.98925 

07# 2.5 500 14 0.309 0.301125 0.007875 0.98925 

08# 1.5 600 11 0.633 0.63675 -0.00375 -0.47107 

09# 2 500 11 0.218 0.232667 -0.01467 -1.12824 

10# 2.5 600 11 0.499 0.499 -5.6E-17 -7E-15 

11# 2 600 8 0.545 0.533375 0.011625 1.460321 

12# 2 500 11 0.232 0.232667 -0.00067 -0.05128 

13# 1.5 400 11 0.519 0.519 0 0 

14# 2.5 500 8 0.284 0.295625 -0.01163 -1.46032 

15# 2.5 400 11 0.448 0.44425 0.00375 0.471071 

Table 6 Response surface analysis of variance (ANOVA) table 

source freedom Seq SS distribution Adj SS Adj MS F value P value 



model 9 0.215874 99.42% 0.215874 0.023986 94.63 0.000 

linear 3 0.044777 20.62% 0.044777 0.014926 58.88 0.000 

X 1 0.022578 10.40% 0.022578 0.022578 89.07 0.000 

Y 1 0.014878 6.85% 0.014878 0.014878 58.69 0.001 

Z 1 0.007321 3.37% 0.007321 0.007321 28.88 0.003 

square 3 0.165265 76.11% 0.165265 0.055088 217.32 0.000 

X*X 1 0.025005 11.52% 0.034950 0.034950 137.88 0.000 

Y*Y 1 0.138546 63.80% 0.140100 0.140100 552.70 0.000 

Z*Z 1 0.001713 0.79% 0.001713 0.001713 6.76 0.048 

two factor interaction 3 0.005832 2.69% 0.005832 0.001944 7.67 0.026 

X*Y 1 0.000992 0.46% 0.000992 0.000992 3.91 0.105 

X*Z 1 0.004356 2.01% 0.004356 0.004356 17.18 0.009 

Y*Z 1 0.000484 0.22% 0.000484 0.000484 1.91 0.226 

error 5 0.001267 0.58% 0.001267 0.000253   

misfit 3 0.000817 0.38% 0.000817 0.000272 1.21 0.483 

pure error 2 0.000451 0.21% 0.000451 0.000225   

total 14 0.217141 100.00%     

Note: X represents processing pressure, Y represents abrasive mesh, Z represents processing 

times 

Table 7 Model summary table 

S R-sq R-sq（adjustment） PRESS R-sq（prediction） AICc BIC 

0.0159212 99.42% 98.37% 0.014082 93.51% 11.89 -68.33 

For observing the total effect in the ANOVA table, the p-value of the corresponding regression 

item (Regression) is 0.000 (less than 0.001), indicating that the null hypothesis should be rejected. 

It can be determined that the model is effective in general. The predictive model of roughness is 

effective under different parameter levels. Also, it is necessary to analyze the lack of fit in the 

ANOVA table. The p-value of the lack-of-fit item is 0.483 in Table 6, which is much larger than the 

critical value of 0.05, indicating that the null hypothesis cannot be rejected, it can be determined 

that the resulting regression model does not have a lack of fit phenomenon. In the model summary 

table in Table 7, the total effect of fitting multiple total correlation coefficient R2 (R-sq) and the 

modified multiple total correlation coefficient (R-sq (adjustment)). In this experiment, R-sq is 

99.42%, R-sq (adjusted) is 98.37%, which are close to each other. The S value is observed to be 

0.0159212. R-sq (prediction) = 93.51%, and the sum of squares of the prediction residuals PRESS 

= 0.014082, which has reached a very small value. Through significant analysis of the processing 

parameters in Table 6, it can be seen that processing pressure, abrasive mesh, processing times, 



processing pressure ×processing pressure, abrasive mesh × abrasive mesh, and processing times 

×processing times are highly significant. And their interaction terms processing pressure × abrasive 

mesh, processing pressure × processing times, abrasive mesh × processing times also reached 

moderately significant. In general, the model fitting effect is good, so there is no need to delete the 

insignificant factors of the model, so there is no need to modify the model. 

As shown in Fig.16, the normalized effect is a t-statistic used to test the original hypothesis 

that the effect is 0, the reference line in the fig. can clearly see which factors are significant. From 

the fig., it can be seen that the processing pressure(A) is the most significant, followed by the number 

of abrasive mesh(B) and the number of processing times(C). In the fig., all items except AB and BC 

have crossed the 2.57 reference line, which shows that these factors are statistically significant at 

the 0.05 level under the current model. Although the AB and BC items are below the reference line, 

they are not far below the reference line. Deleting this item from the regression model may cause 

the model to lose fit. 

 

Fig. 16 Pareto chart of standardized effects 

 （2） Response surface analysis 

 To establish a quality control method for the inner surface of the valve sleeve for AFM, the 

influence of different factors on the response variable is deeply analyzed. Analyze the influence of 

different parameters on roughness by drawing response surface and contour maps, and you can 

intuitively see the position of the best value in the entire test range. The response surface and contour 

map are shown in Fig. 17. 



 

(a) The relationship between roughness and abrasive mesh, processing pressure

 

(b) The relationship between roughness and processing times, processing pressure

 

(c) The relationship between roughness and processing times, abrasive mesh 

Fig. 17 Response surface and contour map 

 By observing Fig. 17, it can be found that there is the lowest point of roughness in the selected 

parameter range, and the optimal parameters of the best surface can be obtained by mathematical 

method. In response to the processing pressure and the number of abrasive mesh, the surface 

roughness shows a decreasing trend with the increase of the processing pressure and the number of 

abrasive mesh. Excessive processing pressure and larger abrasive mesh will increase the maximum 

cutting depth and reduce the surface roughness. And the processing pressure has a minimum 



roughness between 1.9 MPa and 2.3 MPa. Through the response of processing times and processing 

pressure, it is found that the increase of processing times and processing pressure shows a decreasing 

trend of surface roughness. With the increase of processing pressure and processing times, the 

transitional cutting of surface materials will reduce the surface quality. In response to the number 

of processing times and the number of abrasive mesh, the three-dimensional surface is steeper, and 

the color difference of the contour map is obvious, which shows that the number of abrasive mesh 

has a greater influence on the roughness of the surface and removal materials. There is a minimum 

roughness in the range of 450 to 550 abrasive mesh. This is because the increase in the number of 

abrasive grains reducing the cutting ability of the abrasive and the surface quality. 

 （3）Response optimization 

 To obtain the optimal surface quality, the response optimization diagrams of different 

processing parameters are obtained by numerical fitting and solving, as shown in Fig. 18. 

 

Fig. 18 Response optimization diagram of different processing parameters 

 In response to optimization of different parameters, it can be seen that the minimum roughness 

value of 0.2179 μm can be obtained when processing pressure is 2.0859 MPa, the number of 

abrasive mesh is 490.991 and the number of processing times is 12.6667. However, in the actual 

processing process, 490 mesh abrasive grains are difficult to process, so 500 mesh abrasive grains 

are selected, and the processing pressure and the number of processing are approximated. Therefore, 

optimal processing parameters are the processing pressure of 2 MPa, the number of abrasive grains 

of 500 mesh, and the number of processing times of 13 times. This corresponds well to the results 

of the simulation analysis, which confirms the validity and feasibility of the process of the AFM the 

inner surface of the valve sleeve, the correctness of the response surface test design, and the 

practicability of the response surface research method. 



5 Conclusions 

Through simulation and experimental analysis, the influence of different processing parameters 

on material removal and processing quality is obtained, and the quality control model of the inner 

surface of the AFM valve sleeve under different parameters is established. The specific conclusions 

are as following: 

(1) Numerical simulation of the valve sleeve found that with the increase of processing 

pressure, the cutting effect of abrasive particles on the wall surface is strengthened, the dynamic 

pressure increases. The rotation degree of particles increases, and the material removal efficiency is 

improved. At 2.5 MPa, the wall surface shear force distribution is uneven, the cutting action of 

abrasive particles on the wall surface is uneven, and the surface quality becomes worse. Through 

the analysis of cross-section streamline, the main reason for this phenomenon is the change of 

channel shape. At 2 MPa, the vortex distribution is uniform, the vortex size is small, and the 

uniformity of wall processing is better. With the increase of the number of abrasive mesh, the particle 

pressure presents a downward trend, the material removal rate, and the processing quality decreases. 

400 mesh particles have the highest pressure, greater material removal, and easy to damage the 

matrix. 500 mesh particles are pressed into the workpiece to a small depth, which can improve 

processing efficiency and obtain better surface quality. And 600 mesh particles are more suitable for 

polishing work. In the case of 800 mesh, the mass of the particle is small, most of the particles are 

taken away from the mainstream area, the wall surface processing is uneven, and the processing 

quality becomes poor. 

(2) Through surface topography analysis, it is found that when the number of abrasive grains 

is 600 mesh, the material removal ability is reduced, and the surface roughness is still high. When 

the number of abrasive grains is 400 mesh and 500 mesh, the surface roughness decreases obviously. 

With the increase of the number of abrasive mesh, the surface scratch is smaller and the surface is 

brighter. With the increase of processing pressure, the surface roughness gradually decreases, and 

the roughness is the lowest at about 2 MPa. With the continuous increase of pressure, it reaches 2.5 

MPa and the scratches deepen, the surface roughness value increases. Through the analysis method 

of the response curve, the significance of different processing parameters is analyzed. The influence 

of processing pressure is the most significant, followed by the number of abrasive mesh and the 



number of processing. After AFM, surface roughness decreased from Ra2.695 μm to Ra0.218 μm. 

The prediction model of surface roughness is established by variance analysis, and obtained the 

surface quality control method of AFM. Then, the best process parameters are obtained by response 

optimization. Processing pressure is 2 MPa, the number of abrasive grains is 500 mesh, and the 

processing times are 13. 
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