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Abstract: High-precision inner surfaces are difficult to be machined to a sufficiently high surface

quality. This paper presents the development of a novel multi-jet polishing process for precision

polishing of inner surfaces through adopting a rod-shaped nozzle designed with a linear array of

orifices at its side face. The material removal characteristic on inner cylindrical surface was modelled

based on computational fluid dynamic method. Four groups of material removal experiments were

conducted to validate the proposed material removal model and investigate its material removal

characteristics. Moreover, the surface generation model was also developed and validated based on

the material removal model. A series of polishing experiments were conducted on 304 stainless steel

cylindrical inner surfaces. The results show that the proposed multi-jet polishing process with the

newly designed nozzle is able to achieve high efficiency and precision inner surface finishing on the

inner surface.
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1. Introduction



Inner surfaces with a sufficiently high surface quality have been widely used in various industrial

fields, such as high-precision optical moulds, aerospace components, automotive systems, and

semiconductor plant. The inner surface of X-ray telescopes requires a mirror surface to provide a

decent image [1]. The contact surfaces between the inner and outer races of alumina ceramic bearings

require a fine surface finish and good form accuracy to reduce the wear rate [2]. Internal passages with

poor surface finish can induce undesired boundary layer turbulence in the gas or fluid flowing inside

them [3]. Vacuum tubes, wave guides, sanitary tubes [4,5], injectors [6], clean gas bombs and a clean

gas piping system [7] are some more examples of components that require a high-precision inner

surface finish.

To respond to the needs, some internal surface polishing technologies have been developed.

Abrasive flow machining (AFM) was introduced to polish internal channels without detriment to the

initial surface profile [8]. However, AFM has limitations in finishing blind holes and achieving

uniform finishing of complex internal surfaces. Yamaguchi et al. [9] developed a magnetic abrasive

finishing (MAF) which has been successfully adopted to finish inner surfaces of cylindrical

components and other complex-shaped samples [10,11]. Despite the promise of producing super

mirror finished surfaces, MAF is not suitable for finishing ferromagnetic materials such as nickel and

cobalt alloy. Mechanical polishing with a small rod tool was used for inner finishing, but the process

is affected by tool wear and tool vibration, especially for machining long tubular surfaces [12].

Although these polishing methods can potentially achieve a good surface quality, they have

limitations such as small periodic ripples, surface pollution, significant tool wear, and time-consuming.



There is a need to develop a high-precision inner surface finishing process which can achieve both

uniform and good surface finished inner surfaces with high polishing efficiency.

Fluid Jet Polishing (FJP) is one of the promising ultra-precision polishing technologies, which

pumps the premixed slurry (abrasive particles and water) through an adjustable nozzle directly towards

a target surface at appropriate speeds [13-15]. In recent years, FJP has been widely used in precision

polishing of freeform optical glass and moulds, ceramics, etc., depending on its unique advantages,

such as high machining accuracy, suitability for polishing of various complex surfaces, undergoes no

tool wear and causes no temperature increase of the workpiece during polishing [16-19]. Recently, our

group proposed a novel Multi-Jet polishing process and tool to overcome low material removal rate

problem of FJP, which can largely enhance the polishing efficiency through integrating a number of

orifices in one nozzle [20]. However, the current design of both single jet nozzle and Multi-Jet can

hardly be used to polishing the inner surface, especially for the inner surface with high ratio of length

to width.

With this in view, a novel design of the Multi-Jet nozzle is developed in this paper to solve this

problem. A linearly distributed array of orifices were designed at the side face of a rod-shaped nozzle,

which can be easily put into the cavity of the inner surface. Hence, the inner surface can be easily

polished through controlling the movement of the rod-shaped nozzle along the length direction of the

sample. The finite element model was developed to predict and analyse the material removal

characteristics of the multi-jet tool. Hence, the material removal performance was evaluated by a series



of spot tests. Finally, multi-jet polishing process was used for finishing inner cylindrical surfaces. The
results show that the MJP process is an effective way for precision polishing of inner surfaces.
2. Multi-jet polishing process and tool for inner surface finishing

Figure 1 shows the schematic diagram of the multi-jet polishing (MJP) process for inner surface
finishing by a purposely designed multi-jet (MJ) tool. In the MJP process (see Fig. 1(a)), the workpiece
is rotated at a designated rotational speed, while the MJ tool is controlled to move along the generatrix
of the inner surface. Different with the MJP tool we recently proposed for high efficiency polishing
[20], the MJ tool in this study is designed to be a rod-shaped nozzle with a linear array of orifices at
the side face as shown in Fig. 1(b). Hence, it can be put into the chamber of the workpiece to precision
polish the inner surface. The pressurized premixed slurry is pumped out from the slurry tank through
the nozzle to the inner surface of the workpiece. With the design of an array of orifices on the nozzle,
an array of slurry jets are ejected out of the nozzle, and impinge multiple regions on the inner surface
simultaneously. Its polishing efficiency is enhanced as compared with the single jet polishing process,

and the increase of efficiency is determined by the number of orifices incorporated.

The number and the diameter of the orifices are purposely designed for fitting the need of precision
polishing of different types of inner surfaces. Figure 1(b) shows the design of a multi-jet tool with four
orifices with a diameter of 0.5 /mm which was used for conducting the experiments in this study. The
spacing between orifices was 1 mm while the fluid pressure for each orifice was controlled to be up

to 10 bars



3. Modelling of material removal characteristics of the multi-jet tool
3.1. Computational fluid dynamic modelling

To predict the material removal of the MJ tool and gain a better understanding of the material
removal characteristics, computational fluid dynamic (CFD) modelling was undertaken by using the
ANSYS FLUENT software package integrated with the computational fluid dynamic method. Figure
2 shows a schematic diagram of the computational geometrical model of the MJ tool. Figure 2(a)
shows the simplified modeling method and boundary conditions. The mixing slurry is pumped into
the computational domain through the pressure inlet as shown in right side of Fig. 2(a). Hence, the
slurry flows along the cavity inside the MJ tool and the pumped out fluid flow from the orifice array
gets through the air environment with a distance defined by the tool offset and finally impinges the
target surface. A static pressure of 101325 Pascal was used to set the pressure outlet boundary to
signify the environment [21]. Except for the pressure inlet and the pressure outlet defined by the four
side surfaces below the orifice array as shown in the right part of Fig. 2(a), other surfaces in the model
were defined as no slip wall. ICEM CFD software package was employed as the mesh generation tool.
Hexahedral mesh was used to mesh the model, which helped to improve the computational accuracy.
To reduce the computing time for the solution, fine grid was specified to some key regions such as the
region where fluid jets impinging the target surface as shown in Fig. 2(b). The total number of elements
in this mesh model is 918506. The detail geometrical dimensions of this model have also been

presented in Fig. 2(b).



The Eulerian-Lagrangian approaches were used to simulate the multiphase flow that involves liquid

water, air, and abrasive particles. In the simulation, water and air were treated as Eulerian phases,

while the abrasive particle was treated as Lagrangian phase. For turbulence modeling, the Shear-Stress

Transport (SST) based on a blending of the k-w 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. After the solution of the continuous phase, the

influence of the discrete phase was computed by using the discrete phase model (DPM) [22]. One-

way coupling was used between fluid and particle motion solution which neglects the particle-particle

interaction. Moreover, uniform particle size distribution was assumed to simplify the solution model

[19,21]

Oka’s erosion model [23] was employed to describe the erosion of the target surface after the

impingement of the abrasive particles. The erosion rate E(«) is expressed as:

E(a) = 9(@)Eyy &)

0(@) = (sin )" (L+ Hv(L-sin )" @)
n, =5,(HV)*,n, =5, (HY)* ®)

Ey = K(HV) (v,) (d,)" @)

where Eg is the erosion rate under normal particle impact, and g(«) denotes the dependence of the

impact angle of the normalized erosion. n; and n; are exponents determined by the material hardness

and other impact conditions, Hv is an initial hardness value in GPa units of the target surface. si, Sz,

g1, and g are fitting constants for the particle material. K denotes a particle property factor such as



particle shape (angularity) and particle hardness, which has no correlation among different types of
particles and other factors; ki, ko and ks are exponent factors, which are affected by other parameters,
respectively. Table 1 summarizes the coefficients used in the simulation process and Table 2 shows

the material properties of the 304 stainless steel and silicon carbide.

3.2. Simulation results of the computational fluid dynamic model

A simulation experiment was conducted based on the CFD model. The polishing slurry was 4000#
SiC with an average size of 3.2 um and about 6 wt.%. Figure 3 shows the CFD results when the tool
offset was 5 mm and the slurry pressure was 6 bars. The velocity of each jet was almost the same
before they impinged the target surface. Moreover, their velocity changed due to the interference with
the adjacent jet flow as shown in Fig. 3(a), which is attributed to the variation of the polishing spot.
Figure 3(b) shows the predicted material erosion depth when the dwell time was 3 minutes. It is
observed that the simulated TIF shape is not symmetric even though the distribution of the orifice
array is symmetric. This is induced by that the fluid flow pumped into the MJ tool comes from the
right side of the nozzle, which is the pressure inlet as shown in Fig. 2(a). It is not symmetric to the

orifice distribution.

4. Evaluation of the material removal performance of the multi-jet tool

4.1. Experimental setup



As shown in Fig. 4(a), the experiments were conducted on an IRP200 7-axis ultra-precision
polishing machine from ZEEKO Ltd. in the UK. The MJ tool was mounted at the tool spindle through
a connection component. Hence, the workpiece was mounted on the chuck of the work spindle which
was controlled to move in X/Y/Z directions relative to the MJ tool. The workpiece was rotated through
control of the C axis. The cylindrical inner surface (see Fig. 4(b)) was used as the workpiece surface
in this study. The material of the workpiece was 304 stainless steel, and its inner surface with a
diameter of 40 mm was ground by a Nanoform 450 ultra-precision grinding machine from Moore
Nanotechnology System in the USA before the polishing experiments to minimize or even eliminate

the effect due to the initial form error.

4.2. Material removal performance

To evaluate the performance of the MJ tool for precision polishing of inner surfaces, four groups of
experiments were designed to generate the tool influence function (TIF) under various polishing
conditions (see Table 3). They included Group 1: TIF repeatability test, Group 2: TIF test under
different tool offsets, Group 3: TIF test under different fluid pressure, and Group 4: TIF test under
different dwell times, respectively. For Group 1, eight TIFs were generated. Four of them were
generated with a time interval of 10 minutes while the other four were generated with a time interval

of 30 minutes. The polishing slurry was 4000# silicon carbide (SiC) abrasive mixed with pure water.



After the generation experiments of TIF, the workpieces were cut into several pieces and they were

measured by a Zygo NexView 3D optical surface profiler. Figure 5(a) shows one piece of the cut

sample with the polished TIFs on it. Figure 5(b) to Fig. 5(d) show the shape of one of the TIFs

generated under the conditions of Group 1 as shown in Table 1 including the raw TIF shape, TIF shape

with the removed cylindrical form and the sectional profile, respectively. Induced by the flow jet

interference [16], the generated spot shape of each jet is not a symmetrical circular shape as compared

to traditional fluid jet polishing, while their material removal depth was close to each other. Figure

5(e) shows the results of the repeatability test. The average material removal depth was used to

describe its material removal rate (MRR). It was found that the TIF of MJP had very good repeatability

during the test time of 150 minutes, since the variation of the average removal depth was within £10%.

According to the conditions for Group 2, Group 3, and Group 4, Fig. 6 shows that the results of the

average material removal depth of the TIF varied under different tool offsets, pressure and dwell time,

respectively. Moreover, the simulation under these conditions based on the TIF model in section 3

were also conducted and compared to the experimental results as shown in Fig. 6. It is interesting to

note that the variation of the removal depth of the simulated results has good agreement with the

experimental results. The effect of the tool offset on the MRR was much smaller than the effect of the

slurry pressure according to a comparison of the results in Fig. 6(a) and Fig. 6(b). As shown in Fig.

6(b), the MRR was higher with increasing slurry pressure. The average removal depth exhibited a

linear relationship to the dwell time as shown in Fig. 6(c). This implies that the material removal of



the MJ tool was accurately controlled through controlling the dwell time, which is crucial for uniform
and deterministic polishing.

Except for the average material removal depth, the shapes of the section profiles of the simulated
and experimental TIFs were compared in Fig. 7. The result indicates that the profile of the simulated
TIF agrees well with the experimental results, which further verifies the effectiveness of the proposed
TIF model. Besides, it is interesting to note that there exist linear grooves between the oval shaped
ones in the experimental results as shown in Fig. 5, which was not predicted in the simulation result.
The generation reason of this kind of groove may be caused by the particle movement direction
changed to along the central line of the adjacent fluid jet after collision. Moreover, their energy can
still realize material removal, which leads to this kind of groove. Since the particle-particle interaction

was neglected in this model, it cannot predict this kind of groove.

5. Surface generation method of multi-jet polishing of inner cylindrical
surface
5.1 Surface generation method

Multi-jet polishing process can also be considered as one of the deterministic polishing process, just
like classical fluid jet polishing. In deterministic polishing, the surface generation process is usually
considered as the convolution between the dwell time along the tool path and the tool influence
function [26,27]. Figure 8 shows the schematic diagram of the surface generation process in multi-jet

polishing. Firstly, the simulated three dimensional TIF on cylinder surface was projected to the flat



surface, while practical polishing path for cylinder surface was also projected to the flat surface. Hence,
the surface generation model based on the surface generation mechanism of the relative and
cumulative removal process [19] was used together with the predicted tool influence function to

simulate the surface generation in multi-jet polishing.

5.2 Validation of the surface generation model

In order to validate the effectiveness of the surface generation model, a comparison between the
simulated polished surface profile and the measured polished surface profile was also conducted.
Table 4 summarizes the polishing conditions and the polishing slurry is 10 wt.% 1000# SiC abrasive.
The theoretical material removal distribution was shown in Fig. 9(a) and Fig. 9(b). Combining the
theoretical material removal distribution and the initial measured surface profile, the surface profile
after polishing can be predicted as shown in Fig. 9(c). The measured surface profile after polishing
was also presented in Fig. 9(c). It turns out that the simulated surface profile agrees well with the
measured surface profile, which validates the effectiveness of the surface generation model. It is also
interesting to note that the surface roughness in the simulated surface form is almost the same with the
initial surface form, which is much larger than the practical measured polished surface form. It
indicates that this surface generation model cannot be used to predict the surface roughness. It can

only be used to predict the surface form.



6. Experimental evaluation of the performance of multi-jet polishing of

inner cylindrical surfaces

To evaluate the performance and technological merits of the multi-jet polishing tool and process, a
series of polishing experiments was conducted on the inner surfaces of five samples. The experiments
were conducted to test the feasibility of multi-jet polishing of inner cylindrical surfaces. To investigate
the repeatability of the improvement of surface integrity in terms of uniformity and surface roughness
of the inner cylindrical surfaces, five samples were fine ground under the same grinding conditions on
a Nanotech 450UPL ultra-precision machine. Hence, they were polished by the multi-jet tool together
with 10 wt.% 1000# SiC abrasive slurry. The inner diameter of the cylindrical surface was 40 mm.
Table 5 summarizes the polishing conditions of these experiments.

Figure 10 shows the average surface roughness of six surface roughness profiles measured by
TAYLOR HOBSON Form Talysurf PG11240 on sample 1 before and after polishing. Six sectional
surface roughness profiles were extracted from each sample as shown in Fig. 10. It is found that the
average arithmetic roughness among the six sectional profiles of sample 1 reduced from 48.0 nm to
24.3 nm after one pass of polishing. The cut-off length adopted in the analysis of the surface roughness
is 0.25mm, according to 1SO 4288-1996. Figure 11 shows a snapshot of sample 1 after polishing.
There were three kinds of surface which were fine ground surface, rough ground surface, and polished
surface, respectively. Their corresponding surface roughness was measured on the Zygo NexView

optical 3D surface profiler. The improvement of the surface finish is conspicuous.



The results of these five samples are presented in Fig. 12. The surface roughness of each sample

was determined by averaging the arithmetic roughness values of 6 sectional surface roughness profiles,

and the scatter bar shows the fluctuation of the measured value of surface roughness at different

positions. The result further implies that the MJP process has high repeatability for improving surface

roughness. To demonstrate the uniformity of the MJP process, one of the surface profiles was

measured as shown in Fig. 13. This surface profile includes three kinds of profiles, which are the

profile after rough cutting, profile after fine grinding and profile after MJP polishing, respectively.

Figure 14 shows two different surface profiles before and after one pass of polishing under the

polishing conditions as shown in Table 5. It is interesting to note that the initial surface profiles are

almost maintained after MJP. Meanwhile, their surface roughness was largely reduced as shown in

Fig. 13 and Fig. 14. It demonstrates that MJP also provides good material removal uniformity.

Conclusions

In this paper, a novel multi-jet tool and process for precision polishing of inner surface is presented.

A rod-shaped nozzle is designed with a linear array of orifices at the side face, which can be easily put

into the cavity of the sample for the polishing of its inner surface. The material removal characteristic

was modelled based on the computational fluid dynamic (CFD) method. Four groups of material

removal experiments under different conditions were conducted to investigate its material removal



characteristics and validate the material removal model. The result verifies that the proposed material
removal model is effective to predict the material removal of MJP. It also indicates that MJP process
owns the same material removal characteristics with the classical single jet polishing, which has high
material removal stability and controllability. The surface generation model was also developed to
predict the polished surface profile. Uniform polishing experiments on the inner cylinder surface were
also conducted, and the surface roughness can be quickly reduced to ~20nm after one pass of polishing
on stainless steel surface, which proves that the MJP process is technically feasible for precision inner
surface finishing. Moreover, the development of the MJP process for inner surface polishing further
broadens the machining field of the fluid jet polishing process.
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Fig. 1. Schematic diagram of (a) the multi-jet polishing process and (b) multi-jet tool for inner surface finishing.
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.26e+01
2.09e+01
1.91e+01
1.74e+01
1.56e+01
1.39e+01
1.22e+01
1.04e+01
8.69e+00
6.95e+00
5.21e+00
3.48e+00
1.74e+00
0.00e+00

(a) Unit:m/s

IREYarm

S\

-6.0
-9.0
-1.51e-05 pum 3 -2 -1 0 1 2 3 mm
(b) Unit:mm

Fig. 3. The CFD results of one of these four cases including the velocity distribution and predicted erosion depth: (a)

two views of the velocity distribution results and (b) predicted erosion depth on the target surface.



Fine ground surface

o

5 & "‘vc

k Multi-jet

nozzle

Fig. 4. Snapshots of the experimental setup: (a) experimental device; (b) multi-jet impinging the inner surface and (c)

workpiece.



Surface height (um)
(=]

0.9 1.8 27 3.6 4.5
Measured length (mm)

0 30 60 90 120 150

e) Time (min)

~
[=%
—

— Average removal depth
(um)
N
=
oy
’
.
"
[

Fig. 5. The generated TIF and its average material removal depth variation with time: (a) snapshot of the TIF (scale bar

length: 1 mm); (b) raw contour shape of the generated TIF; (c) contour of the TIF after removing the cylindrical form;

(d) the section profile of the TIF along the dotted line as shown in (c) and (e) the average material removal depth of

each TIF which varies with time.



—— Experimental results
—e— Simulation results

4 %
0 T I I I I

1 2 3 4 5 6 7
Tool offset (mm) (b)

Average removal depth
(hm)
Average removal
depth (um)

~
2
—

[y
N

[ee]

R

0

—— Experimental results
—e— Simulation results

1

3 4 56 7 8 9
Slurry pressure (bar)

S

o 12

<]

= R? =0.999
> 8 -

of-\

£ g

,_w

L 4

> 0 ! .
. 0 3 6 9 12

()

Dwell time (min)

Fig, 6. The relationship between the material removal rate (MRR) of the TIF and the polishing conditions: (a) MRR

varies with tool offset; (b) MRR varies with slurry pressure and (c) MRR varies with the dwell time.



Erosion depth(pm)

~
1)
N

o

Erosion depth(pum)
S o

............ P N N Tt

- = Simulated erosion depth
——Measured erosion depth
--=-Deviation of erosion depth

L O

-1 0 1
Measured length(mm)

s A
s, J v

A}
K4 ,'"|
», g
¥ea N NN

Fi'

- = Simulated erosion depth
—Measured erosion depth
--=-Deviation of erosion depth

V)

-1 0 1
Measured length(mm)

N
o o

(oY
Deviation (pm)

Deviation (pm)

o o

- x Lalh ” e N, -
-, o Ve s, > AT N
R4 et d Ve LI W

- = Simulated erosion depth
—Measured erosion depth

----Deviation of erosion depth

rs, o
X YA

-1 0 1
Measured length(mm)

Y

-, -~ ~ 4
PRSI SO o
N o A e S WA

- = Simulated erosion depth

— Measured erosion depth
--=-Deviation of erosion depth

-1 0 1
Measured length(mm)

Deviation (um)

Fig. 7. Simulated and experimental erosion depth of four different cases: (a) slurry pressure=4 bars, tool offset=5 mm;

(b) slurry pressure=6 bars, tool offset=5 mm; (c) slurry pressure=6 bars, tool offset=4 mm and (d) slurry pressure=6

bars, tool offset=6 mm.
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Table 1 Coefficients in the erosion model [23,24]

Coefficients k1 ko ks S1 S2 g1 02
Value -0.05 3.31 0.19 0.71 2.80 0.14 -1.00
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Table 2 Material properties used in the simulation experiments [25]

Materials 304 stainless steel Silicon carbide
Density (kg/m3) 8000 3100
Vicker’s hardness (GPa) 3.17 27.45




Table 3 Experimental design for the material removal performance.

Conditions Group 1 Group 2 Group 3 Group 4
Tool offset (mm) 5 2,3,4,5,6 5 5

Fluid pressure (bar) 6 6 456,78 6

Dwell time (min) 3 3 3 3,6,9
wt.% of the slurry (%) 6 6 6 6




ACCEPTED MANUSCRIPT

Table 4 Polishing conditions for the validation of surface generation model

Conditions Values
Tool offset (mm) 5
Fluid pressure (bar) 6
C-axis speed (rpm) 10
Z-axis speed (mm/min) 1
Polishing length along Z direction (mm) 6

Polishing time (min) 6




Table 5 Polishing conditions for the evaluation of the performance of multi-jet polishing of inner cylindrical surfaces.

Conditions Values
Tool offset (mm) 5
Fluid pressure (bar) 4
C-axis speed (rpm) 10
Z-axis speed (mm/min) 1
Polishing length along Z direction (mm) 15

Polishing time (min) 15






