
Vol:.(1234567890)

Nanomanufacturing and Metrology (2020) 3:112–122
https://doi.org/10.1007/s41871-020-00066-3

1 3

ORIGINAL ARTICLES

An Investigation of Effect of Stand‑Off Distance on the Material 
Removal Characteristics and Surface Generation in Fluid Jet Polishing

Chun Jin Wang1   · Chi Fai Cheung1 · Lai Ting Ho1 · Yee Man Loh1

Received: 13 March 2020 / Revised: 13 May 2020 / Accepted: 19 May 2020 / Published online: 10 June 2020 
© The Author(s) 2020

Abstract
Fluid jet polishing (FJP) is a versatile polishing process that has many advantages compared to other polishing processes. 
Stand-off distance (SOD) is one of the key parameters in fluid jet polishing. However, relatively little research work has been 
carried out to investigate its effect of SOD on material removal characteristics and surface generation in FJP. In this paper, 
a systematic investigation of the effect of SOD on the tool influence function and surface topography in FJP was conducted. 
Experiments were designed for FJP two kinds of materials corresponding to ductile and brittle materials. They are nickel 
copper (NiCu) alloy and BK7 optical glass, respectively. In this study, the SOD was varied from 2 to 35 mm. Analysis and 
discussions were made on its effect on the shape of TIF, material removal rate, and surface topography. It is interesting to 
note that the TIF shape becomes a Gaussian-like shape with large SOD both on NiCu and BK7, which provides a novel way 
to optimize the TIF in FJP. The variation of the material removal rate and surface roughness versus SOD on NiCu and BK7 
were also determined from the experimental results. Moreover, the surface topography of NiCu and BK7 were character-
ized from the results measured from the white light interferometer and scan electron microscope. The outcome of the study 
provides a better understanding of the material removal characteristics and surface generation mechanism in FJP.

Keywords  Fluid jet polishing · Material removal characteristics · Stand-off distance · Tool influence function · Surface 
generation · Ultra-precision machining

1  Introduction

Fluid jet polishing (FJP) [1, 2] is a versatile polishing pro-
cess, which is a kind of working mode of the abrasive water 
jet machining process [3–5] with a working fluid pressure 
of less than 20 bar [6]. It is also a non-contact polishing 
process [7], which is beneficial for the polishing of free-
form surfaces. Fähnle et al. [1] firstly used this method for 
polishing optical lens. In FJP, abrasives and water are mixed 
adequately by mechanical stirring in a tank, and pumped at a 
low pressure to a nozzle, as shown in Fig. 1a. The generated 
jet impinges the target surface vertically leading to mate-
rial removal, as shown in Fig. 1b. Compared to traditional 
polishing methods, FJP has many advantages, including the 

ability to polish various freeform surfaces, less tool wear and 
temperature increase during the polishing process, the ability 
to generate small tool influence functions (TIF) to dramati-
cally reduce the edge effect, and a wide range of material 
removal rates through controlling the polishing parameters 
[2, 3, 6]. Hence, it has become an appealing method for pol-
ishing freeform surfaces for a number of materials, and an 
increasing amount of attention has been paid to this promis-
ing polishing process.

After the development of FJP, Fähnle et al. [8–10] and 
Booij et al. [11] started to do a series of research on mate-
rial removal characterization and experimental optimization 
of the polishing process of optical lenses. Fang et al. [12, 
13] studied the surface roughness, material removal, and 
edge effect of the FJP process. Tsai et al. [14] designed a 
Taguchi experiment to investigate and optimize the FJP pol-
ishing conditions when SKD61 mold steel is polished. Zhu 
et al. [15] did a series of experimental studies focusing on 
polishing hard-brittle materials after FJP. Li et al. [16, 17] 
optimized the tool influence function (TIF) of FJP so as to 
obtain Gaussian-like shape TIF for corrective polishing, and 
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adopted FJP to remove the tool marks left on single-point 
diamond turning. Beaucamp et al. [6] proposed a compu-
tational fluid dynamics model for FJP based on multiphase 
turbulent flow computational method, which is able to 
achieve arithmetic roughness (Ra) down to 1 nm on electro-
less nickel-plated optical dies while removing the diamond 
turning marks. Super-finished anisotropic surface texture of 
0.28 nm root mean square (RMS) value was obtained for 
future hard X-ray telescopes through combining FJP and 
bonnet polishing by Beaucamp et al. [18].

Recently, Beaucamp et al. [19] introduced ultrasonic 
cavitation into the FJP process to generate micro-bubbles, 
and these micro-bubbles can boost the material removal rate 
by up to 380% without causing any degradation of the sur-
face finish. Cao et al. [20, 21] built a material removal and 
surface generation model for FJP based on theoretical and 
experimental studies. Shiou et al. [22] proposed an innova-
tive rotary multi-jet polishing process to improve the surface 
roughness of Zerodur optical glass. To enhance the polish-
ing efficiency of the FJP without degradation of the surface 
finish, the authors [23, 24] proposed a multi-jet polishing 
process. The multi-jet polishing process was also utilized for 
the fast fabrication of structure array surfaces [25]. Recently, 
they also built a three-dimensional universal tool influence 

function model for FJP, which is able to be used for mod-
eling of vertical impinging mode and oblique impinging 
mode of FJP [26]. However, our understanding of material 
removal characteristics and surface generation mechanisms 
of FJP is far from complete, especially on the effect of the 
stand-off distance (SOD) to this process, as shown in Fig. 1b. 
The SOD is one of the key factors affecting the FJP process. 
Current investigations of the SOD are mainly focused on its 
material removal rate and surface roughness. Booij [2] only 
did the experimental research on the effect of SOD to the 
material removal rate, but no clear relationship was found. 
Li [27] studied the effect of the SOD on the material removal 
rate and surface quality of the polished surface. Shi et al. 
[28] did a study on the effect of SOD on the shape of TIF 
and material removal rate in FJP. However, little attention 
was paid to the effect of SOD on the surface topography.

In this paper, a systematic investigation of the effect of 
SOD in FJP on ductile and brittle materials was carried 
out. The investigation will not only focus on the material 
removal rate and surface generation but also pay attention to 
the effect on the shape of TIF and polished surface topogra-
phy. It will provide a deeper understanding on the material 
removal characteristics in fluid jet polishing.

2 � Experimental Design

To investigate the effect of the SOD in the FJP process sys-
tematically, a series of experiments were conducted on both 
ductile and brittle materials. Nickel copper (NiCu) alloy is 
used to signify the ductile metal material, which is one of 
the important and widely used mold-making materials while 
BK7 optical glass is used to signify the brittle materials. The 
experiments were carried out on a ZEEKO IRP200 7-axis 
polishing machine, as shown in Fig. 2a, which can imple-
ment bonnet polishing and fluid jet polishing (Fig. 2b) while 
Fig. 2c shows the fluid jet pumps out of a nozzle with the 
diameter of 1.1 mm under the 8 bars of the fluid pressure 
setting. Two groups of the experiments were designed to 

Fig. 1   Schematic diagram of fluid jet polishing system. a Illustration 
of the system, and b vertical jet impingement and its material removal 
shape

Fig. 2   Snapshots of the 
experimental device. a ZEEKO 
IRP200 7-axis polishing 
machine, b schematic diagram 
of the relationship of 7 axes, 
and c snapshot of the fluid jet 
impinging out of the nozzle
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generate the tool influence function (TIF, also called “foot-
print”) on these two materials with various SOD. Table 1 
summarizes the polishing conditions. To reduce the effect 
of the impinging angle, all the experiments adopted 90 
degree as the impinging angle. The polishing conditions for 
these two groups of experiments are the same. To minimize 
the effect of the initial surface error on the results, single-
point diamond turning was conducted on the NiCu surface 
before the experiment. While the polished BK7 surface was 
adopted as the workpiece, as shown in Fig. 3. As summa-
rized in Table 1, the SOD varies from 2 to 35 mm, since 
the fluid flow becomes divergent when the SOD is larger 
than 35 mm, as shown in Fig. 2c. Three TIFs were gener-
ated under each condition for the evaluation. 4000# silicon 
carbide abrasive (average size is about 3 μm, from FUJIMI 
Corporation, Japan) was used for the polishing experiments 
on both NiCu and BK7.

3 � Results and Discussion

3.1 � Analysis of the Effect of the Stand‑Off Distance 
on the TIF Shape

Figures 4 and 5 show the measured contour on Zygo Nex-
view white light interferometer of the generated TIFs on 
NiCu and BK7 surfaces, respectively. Their sectional pro-
files have also been extracted and demonstrated under each 
TIF contour. The shape of the generated TIFs are almost 
rotational axisymmetric except for some deviations induced 
by the wearing of the nozzle. It is interesting to note that the 
material removal distribution appears to be a ring shape on 
both NiCu and BK7 with small SOD, and it looks like a “W” 
shape on its sectional profile. There is almost no material 
removal at the center of TIF when the SOD is small. With 
the increase of SOD, the material removal at the center zone 
also becomes larger gradually. It is interesting to note that 
the sectional TIF shape changes to a Gaussian-like shape or 
“U” shape when the SOD is larger than 30 mm in the case 
of NiCu, which is the deepest at the center and less deep 

Table 1   Experimental design

Conditions Value

Stand-off distance (mm) 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 21, 22, 
23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 
34, 35

Fluid pressure (bar) 8
Impinging angle (°) 90
Dwell time (min) 3
Nozzle diameter (mm) 1.1
Polishing slurry 5 wt% 4000# silicon carbide

Fig. 3   Snapshots of the workpiece used in this study

Fig. 4   Effect of stand-off distance to the shape of tool influence func-
tion on nickel copper alloy surface
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towards the edge. This phenomenon is also observed in the 
case of BK7 when the SOD is larger than 25 mm.

It is well known that Gaussian-like TIF is conducive to 
the convergence of the surface form in sub-aperture cor-
rective polishing process [29]. Small SOD (usually smaller 
than ten times of the nozzle diameter) is usually adopted in 
practical polishing process, and the sectional TIF is a “W” 
shape when the nozzle impinges the target surface vertically. 
Hence, many researchers have started to optimize the TIF 
shape aiming to obtain Gaussian-like shape through various 
means. Booij [2] put a stationary helix into the cylindrical 
nozzle to generate this kind of TIF for the first time, but the 
fabrication and assembly of this kind of helix is very diffi-
cult. Fang et al. [30] attempted to generate the Gaussian-like 
TIF through oblique impinging the target surface from four 
or six positions. Li et al. [16] obtained the Gaussian-like TIF 
through rotating the oblique nozzle. Shi et al. [31] adopted 
submerged jet polishing to generate Gaussian-like shape 

TIF, and implement corrective figuring on optical compo-
nents successfully. Hence, this study attempts to provide an 
alternative and simplified way to generate the Gaussian-like 
shape TIF for FJP.

3.2 � Analysis of the Effect of the Stand‑Off Distance 
on the Material Removal Rate

The material removal rate was determined considering the 
peak-to-valley (PV) depth and volume removal rate (VRR) 
of the TIF, as shown in Fig. 6. The variation trend of PV and 
VRR versus SOD are found to be different when polishing 
on NiCu and BK7, which are ductile and brittle materials, 
respectively.

In the case of polishing NiCu, the PV value increases 
with increasing SOD, and reaches the maximum value when 
the SOD is about 10 mm, as shown in Fig. 6a. The abrasive 
impacts with each other after gathering inside the nozzle 
and eject out, leading to energy loss. This is the reason why 
small PV value of the TIF when the SOD is smaller than 
around 10 mm. Moreover, when the SOD is around 10 mm, 
the abrasive velocity becomes the largest, attributing to the 
largest PV value. The PV value starts to decrease when the 
SOD is larger than 10 mm until it reaches the minimum at 
about 23 mm, induced by the obstruction from the surround-
ing air. When the SOD is larger than 23 mm, the PV value 
becomes stable. It is interesting to note that the VRR has a 

Fig. 5   Effect of stand-off distance to the shape of tool influence func-
tion on BK7 optical glass surface

Fig. 6   Effect of the stand-off distance on the material removal rate on 
different materials in fluid jet polishing: a the effect on the peak-to-
valley depth of the tool influence function, and b the effect on the vol-
ume removal rate of the tool influence function
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positive relationship to the SOD. With an increase of the 
SOD, the size of the footprint becomes larger, which leads 
to the increment of VRR, as shown in Fig. 6b.

In the case of polishing on BK7, both the PV and VRR 
become larger with increasing SOD until the SOD is about 
23 mm. Moreover, both of them start to decrease slightly 
with a further increase of the SOD. It is different from the 
trend on NiCu. This phenomenon may can be due to the fact 
that, when the velocity of abrasive decreases with increas-
ing SOD, and the velocity of some abrasives are not large 
enough to provide material removal on BK7.

3.3 � Analysis of the Effect of the Stand‑Off Distance 
on Surface Topography

Figure 7 shows the measured arithmetic roughness (Ra) 
of the surface, which varies with the SOD. The arithmetic 
roughness of the surface was measured by a Zygo Nexview 
white light interferometer. Considering that the surface 
roughness at the central zone and circular zone in the gen-
erated footprint is different, as shown in Fig. 7a, the surface 
roughness of these two zones was measured.

For NiCu, it is interesting to note that the SOD has little 
effect on the surface roughness of the circular zone. The Ra 
value at the central zone is smaller than that for the circular 
zone when the SOD is small. Moreover, the Ra value at the 
central zone becomes larger with increasing SOD until it 
is equal to the Ra at the circular zone, where SOD is about 
12 mm. This is due to the fact that the initial surface rough-
ness is quite small after diamond turning (about 5 nm), and 
little material removal was generated at the central zone 
when the SOD is smaller than 12 mm, as shown in Fig. 4. 
When the SOD is larger than 12 mm, the Ra value at both 
the circular and central zone of the footprint stop to increase, 
and converge to a single value (which is 42 nm in this case, 
with the fluctuation of ± 5 nm), as shown in Fig. 7b.

During the surface generation process, the surface rough-
ness is dominated by the material removal region, which is 
the circular zone of the TIF. Hence, it infers that the SOD 
almost has no effect on the surface roughness of NiCu 

surface in fluid jet polishing, and it may be the same for other 
ductile metal surfaces. Table 2 shows the surface topography 
at the central zone of NiCu measured by the Zygo Nexview 
white light interferometer and TESCAN VEGA3 scanning 
electron microscope (SEM). Since NiCu is a ductile mate-
rial, ductile erosion is the main material removal mecha-
nism, which includes cutting and ploughing, as shown in the 
SEM results in Table 2. The surface topography is almost the 
same under different SOD, which corresponds to the surface 
roughness results, as shown in Fig. 7b.

Hence, a large SOD can be adopted when fluid jet polish-
ing the ductile metal materials as long as the fluid jet is sta-
ble. For example, the SOD between 30 mm and 35 mm can 
be adopted for the polishing of NiCu surface in this study. 
It can not only implement the highest material removal rate 
but also generate the Gaussian-like shape TIF.

For BK7, the roughness of the polished surface increases 
gradually with increasing SOD. Fractures can hardly be seen 
when the SOD is small, and pits start to come out when the 
SOD reaches about 12 mm. As shown in Table 3, more and 
more pits come out when the SOD is larger than 12 mm, 
which corresponds to the changing trend of the surface 
roughness. When the SOD is larger than 12 mm, pits are 
obviously observed, which may be induced by brittle frac-
ture. As shown in Fig. 7b, the growth rate of the Ra value of 
BK7 is larger than other stages when the SOD is between 
12 and 25 mm. This may be explained that there exists the 
transition stage between ductile material removal and brittle 
material removal. When the SOD is larger than 25 mm, the 
material may be mainly removed by brittle removal mode, 
and the number of fracture cracks increases gradually with 
a larger SOD, which can be seen from the results obtained 
by the white light interferometer and the SEM, as shown in 
Table 3.

When the SOD is smaller than 8 mm, the material may 
be mainly removed by ductile mode. Hence, the SOD 
should not be larger than 8 mm under the polishing condi-
tions in this study. Moreover, there may be small differ-
ences of this value under different polishing conditions 
and for different materials. Even though the TIF shape 

Fig. 7   The effect of the stand-
off distance to the surface 
roughness: a schematic diagram 
of the measured area of the 
arithmetic roughness, and b 
measured results of the arith-
metic roughness varies with the 
stand-off distance
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Table 2   Surface topography of the nickel copper alloy varies with the stand-off distance

Stand-off 

distance 

(mm) 

Measured using Zygo Nexview white light 

interferometer 

Measured using TESCAN VEGA3 scan electron 

microscope 

4 

8 

12 

16 
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can also become Gaussian-like shape with large SOD, as 
shown in Fig. 5, it cannot be used for the polishing of brit-
tle materials because of large surface roughness, which is 
also observed in the sectional surface profile as shown in 
Fig. 5.

4 � Conclusions

In this study, a systematic investigation of the effect of the 
stand-off distance (SOD) to the tool influence function and 
surface topography were carried out in fluid jet polishing 

Table 2   (continued)

20 

24 

28 

35 
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Table 3   Surface topography of the BK7 optical glass varies with the stand-off distance

Stand-off 

distance 

(mm) 

Measured on Zygo Nexview white light 

interferometer 

Measured on TESCAN VEGA3 scan electron 

microscope 

4 

8 

12 

16 
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of nickel copper alloy and BK7 optical glass. The follow-
ing conclusions were made according to the experimental 
results:

1.	 The shape of the tool influence function can become 
Gaussian-like shape from a ring shape with increasing 
SOD on both ductile and brittle materials.

Table 3   (continued)

20 

24 

28 

35 
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2.	 The suitable SOD in FJP is found to be different in pol-
ishing of ductile and brittle materials based on the anal-
ysis of material removal rate and surface topography. 
When using a 1.1-mm nozzle provided by Zeeko Ltd., 
the SOD is preferred to be 25–35 mm for FJP on NiCu, 
while it is preferred to be ~ 8 mm for FJP on BK7, under 
the polishing conditions as described in this paper.

3.	 The material removal mode when polishing on BK7 can 
be divided into three stages with increasing SOD, which 
are ductile removal mode, transition mode between duc-
tile and brittle removal mode, and brittle removal mode, 
respectively. Hence, the SOD should be controlled to 
be smaller than a certain value so as to pertain duc-
tile material removal mode. This value could be about 
8 mm under the polishing conditions, as described in 
this paper.

4.	 The conclusions made on NiCu and BK7 may also be 
suitable for some other ductile materials (e.g., mold 
steel, nickel, etc.) and brittle materials (e.g., tungsten 
carbide, sapphire, etc.), respectively. Some certain 
values described in this paper may be different under 
different polishing conditions, such as different nozzle 
diameter, different abrasive size, different fluid pressure, 
etc.
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