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Abstract

In this paper, a novel fluid line-jet polishing (FLJP) process was developed for the polishing of

rotational axisymmetric surface (RAS). FLJP aims to enhance the polishing efficiency of fluid jet

polishing without degrading the polished surface integrity, together with better material removal

uniformity than linear-array multi-jet polishing (MJP). The fluid field was analyzed by comparing to

the traditional fluid jet polishing (FJP) based on computational fluid dynamics (CFD) method so as to

test the stability of the fluid line-jet. A series of polishing experiments were conducted to analyze the

performance of the FLJP and compared to FJP and MJP in terms of material removal characteristics,

the effect of the main factors, material removal uniformity and surface quality after polishing on

cylindrical surfaces. The results indicate that FLJP has much higher material removal rate than FJP

under the same polishing conditions together with good surface quality. Moreover, the material

removal after FLJP is much more uniform than MJP. Hence, the result demonstrates that the FLJP

process is effective for polishing of RAS.
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1 Introduction

Rotational axisymmetric surface (RAS) here signifies a surface can be generated through the

rotation of one line or curve along a central axis, which have been widely used in the industries, such

as roller surfaces and precision molds [1,2], internal cylindrical surfaces used for gas and fluid flow

applications in aerospace and automotive industries [3], etc. Polishing of these kinds of surface are

usually conducted to obtain high quality surface with much better performance. Fluid jet polishing

(FJP) [4,5], as one of the promising ultra-precision polishing process, has been successfully used in

super-finishing of various kinds of freeform surfaces made of a variety of difficult-to-machine

materials [6-8], including cylindrical optical mandrels [9]. Different from high pressure abrasive

waterjet machining process [10-12], the water and abrasive are premixed thoroughly in the slurry tank,

and pressurized at low pressure (normally smaller than 2.0 MPa) to impinge the target surface. In

comparison to other polishing processes, its unique advantages include no temperature raise during

polishing, no tool wear, more adaptive to various kinds of freeform surfaces, and wide material

applicability.

The main drawback of FJP is the low material removal rate, and it can hardly be used for the

polishing of medium-large size surfaces [13,14]. According to the literatures [5,15], the material

removal rate can be increased by increasing the fluid pressure, abrasive size and slurry concentration.

Nevertheless, high fluid pressure and large abrasive size would lead to poor surface finish, while high

slurry concentration would not only make it difficult to control its stability, but also lead to the

congestion of the slurry system. Messelink et al. [16] and Yu et al. [17] attempted to add pressurized

gas into the fluid jet to enhance the polishing efficiency, but the polished surface has severe surface



defects and much poorer surface finish than traditional fluid jet polishing (FJP). Beaucamp et al. [13]
innovatively adopted the ultrasonic cavitation phenomenon to assist FJP, which successfully boosted
the material removal rate without degrading the surface integrity, and the enhancement of the removal
rate is about 4 times of FJP under the same conditions. The authors [14,18,19] have developed the
multi-jet polishing (MJP) method to improve the polishing efficiency of FJP recently, it can largely
increase the material removal rate. The boosted efficiency is almost proportional to the number of
orifices in the multi-jet nozzle. The MJP process can also maintain the surface integrity as well as FJP.
However, the jet interference between fluid jets leads to the discontinuous tool influence function,
which is not conducive for the uniform polishing of RAS [20].

To address this problem, a novel fluid line-jet polishing (FLJP) process is presented in this paper,
which not only largely enhances the polishing efficiency of FJP without degrading the surface integrity,
but also achieves better uniform material removal than linear distributed multi-jet polishing when
polishing the RASs. The principle of FLJP is discussed in section 2. In section 3, the experiments are
conducted and described in details to analyze its performance in four aspects, including material
removal rate, material removal controllability, material removal uniformity, and polished surface
integrity. Section 4 discusses the applications of FLJP depending on different polishing modes. The
conclusions are made in section 5.

2 Working principle of fluid line-jet polishing (FLJP)
2.1 Fluid line-jet polishing system
Figure 1 shows the schematic diagram of the FLJP system, which mainly includes the mechanical

movement system and slurry pressure control and circulation system. The orifice shape is long and



narrow rectangle with semicircles at the two sides as shown in Fig. 1. During polishing, the pressurized
slurry is transported to the line-jet nozzle, and impinged out from the line shape orifice to generate a
fluid line-jet. Abrasives in the slurry could be cerium oxide (CeQ>), aluminum oxide (Al>O3), silicon
oxide (Si0y), silicon carbide (SiC), etc., depending on the material of the target surfaces being polished.
The fluid pressure is controlled in the range from?2 bar t020 bar. As compared to FJP, FLJP owns much
larger contact area between the fluid jet and target surface under the same polishing conditions, which
attributes to larger material removal rate. The ratio of the section area of the fluid jet between FLJP

and FJP 7 can be expressed as:
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where L is the length of the line orifice, and D is the diameter of the FJP orifice, which is also the

width of the line orifice as shown in Fig. 1. 7 is directly proportional to the ratio between L and

D as can be seen from Eq. (1).
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Fig. 1 Schematic diagram of the fluid line-jet polishing system.

2.2 Fluid flow field analysis in fluid line-jet polishing

The stability of the fluid jet is crucial to obtain high surface quality. Hence, the analysis of the fluid



field in FLJP was conducted here based on Computational Fluid Dynamics (CFD) method. The
simulation was implemented in ANSYS FLUENT 17.2 software package. The Volume of Fluid (VOF)
model was adopted in the multiphase solution based on the assumption that the fluid flow is
incompressible, and operates with constant density and temperature conditions. The incompressible
form of the Navier-Stokes equation can be used in such case to describe the fluid velocity field [6]:
p(%+v-Vv):—Vp+yV2v+f ()
where p is the fluid density, v is the fluid velocity, pis the fluid pressure, uis the fluid viscosity,
and f is the external forces acted on the fluid. For turbulence modeling, the Shear Stress Transport
(SST) based on a blending of the k- and k-¢ turbulence models is used to express the turbulent fluid
flow in the inner region of the boundary layer as well as in the outer art of the boundary layer for a
wide range of the Reynolds number. And the detailed modeling method can refer to our previous
publication [21]. Fluid field of the FLJP adopting two line orifices with different lengths was compared
to FJP. Figure 2 shows the simplified mesh model designed for the CFD simulation of these three
situations. The diameter of the normal orifice is 0.5 mm. The width of two line-orifices is also 0.5 mm,
while the length of them are 3 mm and 6 mm, respectively. The fluid pressure is 8 bar, and the stand-
off distance (SOD) is 5 mm. The SOD is the distance between the orifice and the target surface as

shown in Fig. 1.
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Fig. 2 Mesh models for computational fluid dynamic analysis of three kinds of nozzles: (a) fluid jet polishing

(D=0.5mm), (b) fluid line-jet polishing (L=3mm), (c) fluid line-jet polishing (L=6mm).

Figure 3 shows the simulation results of their fluid field. The velocity distribution has been shown
in Fig. 3(a). To compare them quantitatively, sectional profile along the line with a distance of 3 mm
to the orifice has also been extracted and presented in Fig. 3(c). The velocity distribution trend in FLJP
is similar to FJP, which is the largest at the center region of the fluid jet and decreases to the edge.
However, it is interesting to note that FLJP has much wider uniform velocity region inside the fluid

jet as compared to FJP as shown in Fig. 3(c). It is beneficial to obtain higher material removal rate and



uniform material removal.

Aiming to evaluate the fluid jet stability of FLJP, the turbulence intensity was adopted as the

evaluation indicator. The turbulence intensity I [22], which is often referred to as turbulence level,

is defined as the ratio of the root-mean-square of the velocity fluctuations u’ , to the mean flow

velocity U , as shown as follows:
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where u’ , u;, , ul, are three components of u’ , and U, ,U,,U,are three components of U . Small
turbulence intensity signifies low fluid turbulence. Figure 3(b) shows the simulation results of their
turbulence intensity distribution on the section view. Their sectional profiles were also extracted and
demonstrated in Fig. 3(d). The maximum value of the turbulence intensity between FJP and FLIJP as
shown in Fig. 3(d), which indicates that the line-jet in FLJP is as stable as in FJP. Moreover, the
turbulence intensity of most part of the fluid jet in FLJP is at small scale as compared to FJP. Hence,

it suggests that the stability of the fluid jet is not degraded in FLJP as compared to FJP.
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Fig. 3 Fluid field comparison between normal fluid jet polishing (D = 0.5 mm) and two kinds of fluid line-jet polishing
(L =3 mm and L = 6 mm) when the fluid pressure is § bar. (a) Simulation results of the fluid velocity distribution
(section view), (b) simulation results of the turbulence intensity ratio distribution (section view), (c¢) sectional profile

of fluid velocity with the distance of 3mm to the orifice, and (d) sectional profile of turbulence intensity ratio with the

distance of 3mm to the orifice

3 Experimental analysis

To further validate the feasibility of FLJP, a series of experiments were conducted to test its material
removal characteristic. Figure 4 shows the prototype of the experimental setup for these experiments,
which were conducted on a ZEEKO IRP200 ultra-precision polishing machine. A FLJP nozzle with 3

mm length and 0.5 mm width line orifice was purposely designed for this study as shown in Fig. 4.



The material of the nozzle is 440C stainless steel. When polishing the cylindrical surface, nozzle was

adjusted to be perpendicular to the axis of the cylinder through controlling A-axis, B-axis. Moreover,

the workpiece was moved to the same height of the line orifice as shown in Fig. 4. During polishing,

the workpiece was controlled to feed in Z direction together with rotation along C-axis. The materials

of all workpiece used in these experiments are 304 stainless steel. 1000# SiC mixed with water was

adopted as the polishing slurry.
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Fig. 4 Snapshot of the experimental prototype for fluid line-jet polishing the roller surface.

3.1 Comparison of tool influence function comparison between fluid line-jet polishing and

traditional fluid jet polishing

To analyze the enhancement of the material removal rate of FLJP as compared to FJP, experiment

was conducted to generate their tool influence functions (TIFs). The diameter of the orifice in FJP is

0.5 mm. The value of fluid jet size ratio 7 is 8.64 calculated according to Eq.(1). The TIFs of them

were generated under the same polishing conditions as summarized in Table 1. The dwell time of them

are all 3min to generate reasonable material removal depth for better TIF measurement.



Table 1 Tool influence function generation conditions

Polishing condition value
Fluid pressure (bar) 6
Stand-off distance (mm) 3
Impinging angle (deg) 90
Slurry concentration (wt.%) 10

The generated TIFs were measured by a Zygo NexView 3D optical profilometer. Figure 5 shows

the measured TIFs of FJP and FLJP. Their 3D contours are shown in Fig. 5(a) and 5(b), and

corresponding sectional profiles are shown in Fig. 5(c) and 5(d). Similar to the FJP, there also exist

non-material removal zone at the center region in FLJP induced by the stagnation zone as shown in

Fig. 5(b). Besides, there exist two different kinds of removal region. One is the deeper removal region

at the top and bottom part (defined as ‘zone 1”) of the TIF, the other is the shallower and long removal

region at the left and right part (defined as ‘zone 2’), which can be obviously observed in Fig. 5(d).

The shape of zone 1 is similar to the half TIF of FJP, which is related to the semicircle end shape of

the line orifice. While the material removal is quite uniform in zone 2, which attributes to the uniform

fluid impinging velocity along the length direction of the line orifice as shown in Fig. 2(a). These

characteristics of the TIF depicts that the material removal mechanism of FLJP is similar to FJP, which

are all mainly induced by the abrasive cutting or ploughing the target surface in tangential direction.

The uniform material removal of zone 2 is beneficial for the implementation of uniform polishing,

especially for the components having long and narrow target surface.
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Fig. 5 Tool influence function (TIF) comparison between fluid line-jet polishing (FLJP) and normal fluid jet polishing
(FJP). (a) Measured TIF contour of FJP, (b) measured TIF contour of FLIP, (c) sectional TIF profile of FJP along the
line shown in (a), (d) sectional TIF profile of FLJP along the line shown in (b), and (e) volume removal rate (VRR)

comparison between FJP and FLJP.

The material removal rate between FJP and FLJP was compared based on their material volume
removal rate (VRR), and the VRR comparison result has been presented in Fig. 5(e). The average

VRR of FLIP under the conditions shown in Table 1 is 7.296x10 mm?/min, while it is 0.637x1073



mm?/min of FJP. The enhancement of the material removal rate is noteworthy through adopting FLJP,
which is about 1145% as compared to FJP. Considering that the material removal in FLJP is mainly
induced by the material erosion induced by the abrasive impinging, the total volume of material
removal V__, can be approximately estimated by:

Veat = || Quason 6, )exely (6)
Q

where Q is the size of the erosion region, Q

erosion

(x,y)is the material erosion volume at the position
(x,y), which can be expressed as

Qerosion (X, V)= N, (X, Y, W,V ) AQ, 00 (X, YV, 6y, 0, ) (7)
where N, is the abrasive particle spatial distribution, which is determined by the slurry concentration

w, slurry velocity v , nozzle shape, etc. And AQ is the volume removed by a single particle

with initial impinging velocity v, and impinging angle 6, , it is also influenced by the abrasive
diameterd, , abrasive material density p,, and other material properties of the abrasive and target
surfaces. The size of the erosion region € of FLJP is much larger than FJP, which is the main reason
for the enhancement of the material removal rate under the same polishing conditions. The
enhancement can be scaled much larger by using longer line-jet orifice with larger 7 as compared to
normal circle orifice.
3.2 Tool influence function under different polishing conditions

A series of experiments were also conducted to investigate the effect of some main factors
influencing on the FLJP process, including SOD, fluid pressure and dwell time. The TIFs under

different conditions were generated on 304 stainless steel flat surface. Table 2 shows the experimental

design. 1000# Silicon carbide (SiC) mixed with water was adopted as the polishing slurry.



Table 2 Experimental design

Polishing condition Group 1 Group 2 Group 3
Stand-off distance (mm) 1,2,3,4,5 3 3

Fluid pressure (bar) 6 4,5,6,7,8 6

Dwell time (min) 3 3 2,4,6,8,10

The generated TIFs were measured by a Zygo NexView 3D optical profilometer. The sectional
profiles in two directions of the measured TIFs have been extracted and compared as shown in Figs.
6(a) to Fig. 6(c). The VRR of them were also determined according to Eq. (5) and presented in Fig.
6(d) so as to quantitatively analyze their effect to the material removal rate. It is interesting to note
that the fluid pressure has much more notable effect on the material removal rate than SOD. Higher
fluid pressure leads to much larger material removal rate, while the relationship between SOD and the
removal rate is insignificant. This phenomenon is similar to FJP [5] since their material removal are
all caused by the abrasives impinging the target surface. According to the reported literature [23], the

erosion of a single particle AQ

erosion

during the process can be approximately estimated by the
following equation when the erosion process is dominated by the cutting process.

AQ, si0n = €;m, P2V (cOSO)* (sin0)° )
where ¢, ~cgare constant coefficients which are related to the material properties, and m, is the
particle’s mass. The particle impinging velocity v, becomes higher with increasing fluid pressure

which leads to the enhancement of AQ . Hence, the increase of the fluid pressure can directly boost

erosion

the material removal rate. It is also interesting to note that the increased removal depth is almost



proportional to the increase of the dwell time as shown in Fig. 6(c) and Fig. 6(d). It infers that the

FLJP has high controllability of material removal during the polishing process.
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3.3 Comparison of polishing uniformity between fluid line-jet polishing and linear array
multi-jet polishing

In this section, an uniform removal experiment was conducted to realize the technological
advantage of the polishing uniformity of FLJP as compared to linear array multi-jet polishing (called
‘MJP’ for short) [20]. A linear distributed 4-jet nozzle, whose orifice diameter is 0.5 mm with 1 mm
orifice interval, was used in the comparison. The experiment was conducted on flat surfaces. Both of
them were controlled to move on a line path with the length of 5 mm, and the feed rate was 0.5 mm/min.
Other polishing conditions were the same as summarized in Table 1.

Figure 7 shows the measured material removal distribution after uniform polishing along a line. The
material removal contour after uniform polishing adopting MJP is shown in Fig. 7(a), and sectional
profiles along the lines as shown in Fig. 6(a) have been extracted as depicted in Fig. 7(b). Figure 7(c)
demonstrates the measured material removal contour after uniform polishing adopting a line-jet nozzle,
and the corresponding sectional profiles are shown in Fig. 7(d). It is interesting to note that the material
removal distribution in most of the central part after FLJP as highlighted in a block in Fig. 7(c) and
Fig. 7(d) shows much more uniform material removal of FLJP than that for MJP. This is another
technological merit for FLJP, which is specifically useful when the target surface is shallower than the
length of the line orifice. When the target surface is shallower than the length of the line orifice, the
target surface can just be put at the position inside the uniform polishing zone to implement uniform
material removal and no need to feed along the axis direction of the RAS, while the feed movement is

still needed when using MJP.
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(a) Measured contour of material removal of MJP, (b) sectional profiles of the material removal distribution of MJP, (c)
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3.4 Polishing experiments on cylindrical surfaces

To further demonstrate the polishing performance of FLJP on cylindrical surfaces, uniform

polishing experiments on 3 samples were conducted. Sample 1# and sample 2# were polished by FLJP,

while sample 3# was polished by FJP for comparison. The diameter of the cylindrical samples as

shown in Fig. 3 is 12.5 mm. When polishing the cylindrical surface, nozzle was adjusted to be

perpendicular to the axis of the cylinder through controlling A-axis, B-axis. Moreover, the workpiece

was moved to the same height of the line orifice as shown in Fig. 3. During polishing, the workpiece

was controlled to feed in Z direction together with the rotation along C-axis. The polishing length on



the samples are all 15 mm. Other polishing conditions have been summarized in Table 3.

Table 3 Experimental conditions of polishing on cylindrical surfaces

Polishing condition Sample 1# Sample 2# Sample 3#
Polishing method FLJP FLJP FJP

Surface preparation Rough ground Fine ground Fine ground
Feed rate (mm/min) 0.5

C-axis rotation speed (rpm) 5

Stand-off distance (mm) 3

Fluid pressure (bar) 6

Impinging angle (deg) 90

Slurry concentration (wt.%) 10

Figure 8 shows the polished surface and the results of surface roughness analysis. Mirror-like

surfaces were obtained after FLJP and FJP as shown in Fig. 8(a). Three different points on each sample

were measured for analysis. The arithmetic roughness Ra of two ground surfaces were improved

from 220.7 nm and 47.3 nm to 42.3 nm and 24.6 nm respectively after one cycle of polishing as shown

in Fig. 8(b), which indicates that the FLJP is effective to improve the surface roughness of the

cylindrical surfaces. Under the same polishing conditions, the arithmetic roughness Ra of sample 3#

after FJP was improved from 38.3 nm to 30.3 nm. It suggests that the surface roughness after FLJP is

as well as FJP.
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Fig. 8 Polished surface and roughness analysis results. (a) Snapshots of three polished samples, and (b) arithmetic

surface roughness of the cylindrical surfaces before and after polishing.

Moreover, the measured surface roughness results from Zygo NexView 3D optical profilometer

were also compared as shown in Fig. 9. As for sample 1#, the rough ground marks have relatively high

peak-to-valley value, which has not been eliminated after one pass of FLJP as shown in the left-bottom

part of Fig. 9. This can also be reflected from the snapshot as shown in Fig. 8(a), in which the snapshot

of sample 1# is not as clear as sample 2# and 3#. The fine ground mark of sample 2# and sample 3#

was completely removed, only plenty of pits were left induced by the collisions of the abrasives. Scan

Electron Microscope (SEM) photos of the polished surfaces were also taken on Hitachi Electron

Microscope TM3000 for observation of material removal in micro-scale as shown in Fig. 10, including

surfaces magnified by 500x and 5000x. It is interesting to note that the surface character in micro-

scale after FLJP is almost the same as the surface after FJP, on which there are many pits attribute to

the material removal in ploughing or cutting way by the abrasive.
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Fig. 10 Comparison of measured SEM results of surfaces after fluid line-jet polishing and normal fluid jet polishing.



4 Potential applications of fluid line-jet polishing

FJP can be used to polish various kinds of freeform surfaces made of most of kinds of materials,
including metals, ceramics, glasses, etc. According to the polishing performance analysis above, FLJP
performs much better than FJP and MJP when polishing the RAS, due to its high material removal rate
and polishing uniformity. RAS have been widely used in bearings, piston rings, and linear slides, etc.
Figure 11 shows the application of FLJP when polishing the RAS with narrow target surface. In this
case, the width of the target surface is smaller than the length of the line orifice. The workpiece is
positioned within the uniform material removal zone as shown in Fig. 7(d), only the rotation of the
workpiece is needed during the whole polishing process. It will make the polishing process much more
efficient and easy to control. Moreover, the fluid line-jet polishing can also be used for the polishing
of RAS with long target surface, in which the length of the target surface is larger than the line orifice.
Under this situation, feeding movement along the axis direction is needed for the nozzle to scan the
whole target surface. In addition, the FLJP can also be adopted for the polishing of other freeform

surfaces as shown in Fig. 13.
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Fig. 11 Applications of fluid line-jet polishing on axisymmetric surfaces with narrow target surfaces
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Fig. 12 Application of fluid line-jet polishing on axisymmetric surfaces with long target surfaces
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Fig. 13 Application of fluid line-jet polishing for other kinds of freeform surfaces

5 Conclusions

In this paper, a novel FLJP polishing process, which innovatively adopts a line-shape orifice to

generate the fluid jet, is presented, which attempts to enhance the polishing efficiency of FJP without

degrading the surface integrity, and implement more uniform material removal than MJP on RAS. The

following conclusions can be drawn based on the theoretical analysis and experimental results:

(1) The material removal rate was largely increased through adopting the FLJP process as compared

to traditional FJP. The enhancement of the material removal rate reached 1145% under the same

polishing process parameters, when the length and width of the line-orifice are 3 mm and 0.5 mm

respectively, while the diameter of the circle orifice is 0.5 mm. Moreover, the enhancement of the

material removal rate is scalable when the ratio is increased between the length and the width of

the line orifice.

(2) Different with FJP, the TIF of FLJP has a uniform removal region along the length direction of the



line orifice, which is very helpful for uniform polishing of RAS, especially for the ones having
narrow target surface.

(3) FLJP process is effective to improve the surface quality, and the polished surface integrity is as
well as the surface polished by traditional FJP under the same polishing conditions.

(4) The relationship between the polishing factors and the material removal rate in FLJP is similar to
FJP, due to the same material removal mode, which makes it possess good material removal
controllability.
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