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Abstract - This study evaluates the independent effects of
machining parameters and spindle error motion (SE) on the
surface quality characteristics of copper alloy diffractive surfaces
in ultra-precision turning. A novel approach is proposed by
integrating SE as a covariate to quantitatively assess its influence,
alongside machining parameters. The results indicate that the
geometric parameters of the microstructure and the surface
quality are influenced by the machining parameters. Among
these, the feed rate exhibits the most significant effect on the
quality indicators, followed by the spindle speed. The depth of cut
has no effect on surface roughness (Sa), a slight influence on the
step height (SH), and a comparable effect to spindle speed on the
sidewall angle (SWA). The SE does not affect Sa and SWA, and
has only a minor influence on SH.

Key words - Diffractive surface; step height (SH); sidewall angle
(SWA); surface roughness (Sa); spindle error motion (SE)

1. Introduction

Ultra-precision turning (UPT) has become and
continues to become one of the key machining methods in
the fabrication of high-performance optical components,
directly generating micro-structures by using diamond
tools with small nose radius [1] and optical molds thanks
to the ability of direct form generation on complex surfaces
with micrometer-level form accuracy and nanometer-level
surface roughness [2]. The spindle system using an
aerostatic bearing provides extremely low runout during
machining, thereby minimizing the errors caused by
spindle error motion. An outstanding advantage of ultra-
precision turning of optical surfaces is that no post-
polishing is required [3], which reduces the number of
processes and fabrication time while ensuring high
repeatability, improving surface quality and production
efficiency, and is especially suitable for the fabrication of
optical elements requiring high accuracy and high surface
finish as well as various types of optical molds. When
optical elements are formed by mold pressing, the surface
quality of the optical components after pressing is lower
than that of the mold [4]. Therefore, the mold machining
needs to achieve the highest possible surface quality.

In ultra-precision diamond turning, the rotational

Tom tat Nghién ctru ndy danh gia anh hudng doc lap cua céc
thong s cong nghé gia cong va sai s6 quay truc chinh (SE) dén
céc dic trung chat lwong bé mit mat nhiéu xa hop kim dong khi
tién siéu chinh xéc. Mot cach t1ep can méi duge dé xuit bang
viéc dua SE vao mé hinh nhu bién ddng phuong sai dé phan tich
dinh luong anh hudng ciia nd ciing vai cac thong sb cong nghé.
Két qua cho thiy cac théng sé hinh hoc vi cdu tric va chét luong
bé& mit chiu anh hudng cia cac théng sé cong nghé. Trong do
anh hudng cua tdc do tién dao t6i cac chi tiéu chat luong 1a 16n
nhét, sau d6 13 tbc do truc chinh. Chiéu sau cit gdn nhu khong
anh hudng t61 d0 nham (Sa), 4nh hudng nhe tdi chiéu cao bac
(SH) va anh huéng tuong duong tc do truc chinh v6i goc sudn
(SWA). SE khong anh huéng dén Sa va SWA, va anh hudéng
nho téi SH.

Tir khéa - B& mit nhidu xa; chidu cao béc; goc suon; do nham bé
mat; sai sO quay truc chinh

accuracy of the spindle is considered one of the factors that
directly determine the form error and machined surface
quality, because the error motion of the spindle changes the
relative position between the tool tip and the workpiece
during cutting at the nanometer level. Studies have shown
that SE exists in the form of radial, axial, and tilt
components, with amplitudes of only a few tens of
nanometers for ultra-precision machines using aerostatic or
hydrostatic bearings, but it can still cause significant form
deviation on optical surfaces requiring high accuracy [5].
SE accurately reflects the actual working condition of the
rotating spindle system and is commonly evaluated by the
peak-to-valley (PV) value in each revolution. Zhang et al.
investigated the characteristics of forced vibration caused
by spindle unbalance in diamond turning and its influence
on the machined surface [6]. Huang et al. [7] analyzed the
effect of aerostatic SE on the surface quality of the
workpiece. A method of spindle balancing by manually
adding the required mass into the holes was reported by
Zhang [8]. The thermal characteristics of the aerostatic
bearing also affect the spindle [9].

For diffractive optical elements, the diffraction
efficiency and image field quality depend not only on the
overall form error but are also strongly governed by micro-
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geometric parameters such as the SH, SWA, and Sa of each
functional zone. Many studies have shown that the deviation
of SH causes direct phase error, reducing diffraction
efficiency and increasing the undesired diffraction orders
[10], [11], while surface roughness increases light scattering
and decreases the efficiency of energy transfer into the
designed diffraction order [12], [13]. At the same time, a
SWA different from the ideal value will change the phase
distribution and cause intensity deviation in the image plane
[14]. Previous studies have indicated that the surface
roughness in single-point diamond turning is strongly
influenced by the feed rate, spindle speed, and tool nose
radius [15]. The variation of these parameters changes the
surface formation mechanism and therefore determines the
level of light scattering and phase deviation of the optical
element. In addition, the selection of cutting parameters and
machining methods also affects burr formation, edge
sharpness, and the fidelity of the micro-structure, thereby
governing the actual values of SH and SWA compared to the
nominal design [16].

This paper focuses on evaluating the effects of
technological parameters including spindle speed, feed rate,
depth of cut and SE on surface quality characteristics such
as Sa, SH and SWA in ultra-precision turning of copper alloy
diffractive surfaces. The results of the study not only clarify
the dominant role of SE in the form accuracy of the micro-
structure but also provide a scientific basis for the selection
of optimal machining parameters in the fabrication of
diffractive surfaces for precision optical applications.

2. Research content
2.1. Experimental setup and experimental matrix
e Y ¥
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Figure 1. Nanoform® X ultra-  Figure 2. Copper workpiece
precision lathe

In this study, the ultra-precision lathe Nanoform X
(Figure 1) from Precitech was used. It is widely applied in
the machining of optical components, optical molds and
high-precision surfaces. The machine has high stiffness,
stable temperature, high vibration damping capability and
high-resolution motion.

Table 1. Chemical composition of Copper alloy

Element | Sn | Zn | Pb | Fe | Ni | Al | Cu |Others
wt.% 10.97[40.94]12.69|0.75(0.38|0.12|54.12| 0.03

The technological system of the model is described in
Figure 3 with a vacuum chuck, a dedicated fixture, the
workpiece, mist cooling and a diamond turning tool. The
workpiece used in this study is a copper alloy (Figure 2)
with the chemical composition described in Table 1. The
workpiece was CNC (Computer Numerical Control)
turned to generate a preliminary spherical surface profile

and then mounted on the Nanoform® X for rough turning
and finish turning of the diffractive surface.

Vacuum Ehuck

s _ : : _"ﬂ;
Figure 3. Technological system of ultra-precision turning

The single-crystal diamond turning tool (Figure 4) has
the code NUI160RO10mWFC-MSOF20 with the tool
parameters described in Table 2. Before machining, the
tool was aligned with the spindle to ensure that the tool tip
was located at the spindle center in order to minimize the
induced error.

Figure 4. Diamond turning tool
Table 2. Cutting tool parameters

Cutting | Rake | Cutting |Included| First
Parameter . .

edge radius | angle | height | angle [flearance
Dimensions| 0.104 mm | -25° [7.405 mm 60° 12°

The input data including spindle speed n (rev/min), feed
rate f (mm/min) and depth of cut ap (um) were divided into
three coded levels as shown in Table 3.

Table 3. Values the experimental variables coding levels

Symbol Parameters 1) Lze\égl)s 3 (D)
X1 n (rev/min) 1000 1500 2000
X2 f (mm/min) 1 3 5
X3 ap (um) 2 5 8

From this, the experimental matrix based on the BBD
model consisting of 15 experiments was established.

2.2. Diffractive surface and surface quality characteristics

The diffractive surface is composed of micro-structures
including sawtooth features in order to generate the desired
phase variation for the incident light wave, thereby
controlling the energy distribution in the diffraction orders.
The sidewall angle @ and the step height H of the
diffractive surface are described as shown in Figure 5.

@ (R

Figure 5. Diffractive surface

In this study, a spherical diffractive surface model was
developed.
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Sag equation of a spherical surface:

2
r

S ag spherical = —2 1
R{lﬂ /1—2} M
R

Sag equation of the diffractive surface:
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The general equationcof the diffractive surface on a
spherical substrate is the sum of the sag of the spherical

surface and the sag of the diffractive surface:
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Where: R is the vertex radius of curvature; r is the
radial distance from the optical axis; A is the wavelength

of light; N is the refractive index of the lens material; C,,
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are the diffractive coefficients.
The surface parameters are presented in Table 4.

Table 4. Surface parameters

Diameter Radius of lefrac'tlve Wavelength Re'fractlve
curvature | coefficient index
Ci C>
10 mm 19.5 mm 0 | 20 5000 nm 2

In UPT, the spindle is usually balanced to achieve the
best machining quality. However, due to the installation of
the dedicated fixture and the workpiece on the vacuum
chuck, an unbalanced mass is generated. Therefore, it is
necessary to readjust this unbalance before machining. The
steps for checking the spindle balance are described as

shown in Figure 6.

[ Check the ]__[ Preparation before Moiat B Wtk piees

; and fixture onto the
machine system measurement
T vacuum chuck

Adjust the
workpiece runout

Enter the required
spindle speed for
machining

Adjust the mass at

Start the measuring
program
Check the spindle i
Srormoton the angular positions
Spind[e
PV < 0.005 um

No

Yes

Figure 6. Spindle balancing inspection diagram
Step 1: Adjust the workpiece runout
Before balancing the spindle, the runout of the copper
workpiece was measured using a dial indicator and

adjusted to the minimum level. The position of the
workpiece was corrected by gently tapping a rubber

hammer on the dedicated fixture until the runout value
reached the required level, in order to minimize the error
caused by the setup during the balancing process.

Step 2: Enter the required spindle speed for machining

Enter the spindle speed value corresponding to the
machining operation to ensure that during operation at this
speed, the SE reaches the minimum value.

Step 3: Check the spindle error motion

After the spindle reaches the required speed, press
“Start test” for the system to perform analysis,
measurement and calculation of the spindle error motion.
If the SE PV <0.005 um the inspection is finished. If the

SE PV >0.005 xm move to Step 4.

Step 4: Adjust mass at spindle angles

The display screen will indicate that additional mass
needs to be added at a certain angular position of the
vacuum chuck. Adjust the set screws in or out toward the
spindle center by turning the threaded set screws in the
threaded holes around the vacuum chuck to adjust the
spindle error motion. Then return to Step 3.

The spindle can be modeled as a flexible system, where
dynamic excitation caused by mass unbalance leads to radial
error motion. This motion results in a deviation of the spindle
center from its nominal rotational axis, thereby affecting the
form accuracy and surface quality of the machined structure.

Figure 7. Measurement results Figure 8. Zegage Pro HR 3D
of the spindle error motion Optical Measuring Machine

Figure 7 shows the measurement results of the SE for
one of the experiments.

The Sa, SWA, and SH were measured using a white light
interferometer Zegage Pro HR (Figure 8). The Sa was
obtained at the top of the diffractive surfaces by using the
S-filter to remove system noise to obtain the primary surface,
then applying Form remove to eliminate the spherical form,
and finally applying the L-filter to obtain the areal surface
roughness [17]. The surface roughness was measured at the
crest of each diffractive structure. For each specimen, a single
measurement was performed at a consistent location to ensure
comparability across samples. The SWA was measured using
the Inspector tool to determine the inclination of the sidewall
relative to the horizontal direction after Form remove for
flattening. The SWA was captured at four positions of each
tooth, and at each position, measurements were performed on
six random slices, with the results averaged. The SH was
measured using the Mask tool to scan the areal data and take
the average height difference between the two scanned
regions after Form remove. SH was also measured at four
captured positions on each tooth across the entire surface
consisting of four diffractive teeth, resulting in a total of 16
positions over the whole surface.
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2.3. Measurement results and data processing

Figure 9 and Figure 10 show the areal surface roughness
measurement results. In which, Figure 9 describes the
surface in the 2D view and Figure 10 describes the surface
in the 3D view to clearly observe the surface undulations.

Figure 11 shows the SWA measurement result at a
position of an arbitrary groove. Each slice gives a random
SWA value; therefore, it is necessary to measure many
slices at many positions of the grooves and take the average
value to obtain the most objective result.

Figure 9. 2D surface Figure 10. 3D surface
roughness measurement result roughness measurement result

[] & step Height: steo Heght (1)

From Table 6, the standard deviation (SD) of SH ranges
from 110.696 to 238.061 (nm), indicating a certain level of
data dispersion, though not excessive. The relative
standard deviation (RSD) varies from approximately
2.145% to 4.625%, all below 5%, demonstrating good
repeatability of the measurements and effective control of
random errors. With the designed value of SH being
5000 nm, the absolute error (AE) and relative error (RE)
are also within acceptable ranges, with RE ranging from
approximately 1.586% to 3.23%, indicating that the
discrepancy between the experimental and theoretical
values is negligible.

Table 5. Measurement results

No n f ap | Sa | SWA SH (nm) SE
‘| (rev/min) |(mm/min)|(pm)| (nm) | (deg) (nm)
1 1000 1 5 [2.601]11.705(5142.719| 4
2 2000 1 5 |1.874]11.862(5147.173| 4
3 1000 5 5 13.958[11.634|5079.308| 3
4 2000 5 5 [4.304[11.122(5124.482| 4
5 1000 3 2 [3.364|11.678|5113.603| 2
6 2000 3 2 [1.682]11.672]|5158.344| 3
7 1000 3 8 |[5.157[12.007|5108.401| 2
8 2000 3 8 [2.383]11.958(5130.607| 4
9 1500 1 2 [1.914]11.445|5161.494| 5
10| 1500 5 2 [4.179]11.505]|5122.360| 3
11| 1500 1 8 [2.925/12.321(5147.845| 4
12| 1500 5 8 13.905[11.390(5096.318| 3
13| 1500 3 5 12.269[12.317|5140.605| 3
14| 1500 3 5 [2.366[12.343(5153.488| 4
15| 1500 3 5 [3.432]12.385|5150.555| 4

Table 6. Statistical parameters and error analysis of SH

No.| SH (nm) SD RSD (%) AE  |RE (%)
‘ 1 | 5142.719 | 202911 3.946 142.719 | 2.854
e 2 | 5147.173 | 238.061 4.625 147.173 | 2.943
o 3 | 5079.308 | 166.289 3.274 79.308 1.586
Figure 11. Sidewall angle measurement result 4 | 5124482 | 200.677 3.916 124.482 | 2.490
5 | 5113.603 | 138.364 2.706 113.603 | 2.272
6 | 5158344 | 206.309 4.000 158.344 | 3.167
7 | 5108.401 | 180.413 3.532 108.401 | 2.168
8 | 5130.607 | 189.057 3.685 130.607 | 2.612
9 | 5161.494 | 110.696 2.145 161.494 | 3.230
10| 5122.360 | 184.996 3.612 122.36 2.447
11| 5147.845 | 234.476 4.555 147.845 | 2.957
12| 5096.318 | 169.922 3.334 96.318 1.926
—— . 13| 5140.605 | 206.465 4.016 140.605 | 2.812
e ]| e e 14| 5153488 | 130.746 | 2.537 | 153.488 | 3.070
e i 15| 5150.555 | 205.162 3.983 150.555 | 3.011

@ |[+® | |meskeser
Gear shaves

Sequence Options Resuts

Step Height | 5152.397] om
Color Sync =Used ordy for Step Heht caleulation does not change output map.

Figure 12. Step height measurement result

Figure 12 shows the SH measurement result after using
two masks to scan the data of the Test region and the
Reference region after Form remove. The measurement
was carried out at many positions of the grooves and the
average value was taken to obtain the most objective result.

Through the machining process and the measurement
and data processing, the result table corresponding to each
experiment was obtained as shown in Table 5

Table 7 shows that the SD of SWA ranges from 0.09
to 0.579 (deg), indicating a certain degree of data
dispersion, but still within an acceptable level. The RSD
varies from approximately 0.771% to 4.822%, with most
values below 5%, demonstrating good repeatability and
high reliability of the measurements. With the designed
value of SWA being 12.3 (deg), the AE and RE are
generally low. However, in some cases, higher RE values
(above 5%) are observed while RSD remains low,
suggesting that these deviations may be attributed to the
influence of machining parameters. Therefore, the effects
of machining parameters on SWA need to be further
clarified.
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Table 7. Statistical parameters and error analysis of SWA

Table 8. Model response indices

2.4. Investigation and discussion of the effects of
technological parameters

Consider SE as a covariate factor in model
development to evaluate its influence. Figure 13 shows that
the input variables are independent of each other and that
there is no multicollinearity among the input factors
(r=0). The correlation values are rg_, =0.4533 and

g s =-0.4533, which indicate moderate correlations,

while T ap = 0. Therefore, no serious multicollinearity is

observed. Based on the variance inflation factor (VIF)
values presented in Tables 7, 8, and 9, it can be observed
that the three models (Sa, SWA, and SH) do not suffer from
serious multicollinearity. The largest VIF value of SE is
4.49, which is still within the acceptable range, indicating

that the correlation among the variables is not significant.
—1

: -0.0989 | 0.4569
n J08
p 106
104
ap
102
SE 0
02
Sa
0.4
SWA 086
0.8
SH| 0. J 0.6223 [RZIY 0.3769
4

n f ap SE Sa SWA SH
Figure 13. Correlation coefficient
The evaluation results of the regression models (Table
8) reveal clear differences in goodness-of-fit and predictive
capability among the responses. For the Sa model, the
coefficient of determination R> = 0.6809 indicates that
the model explains only about 68.09% of the data

variability. The Adjusted R* =0.5532 and, notably, the

Predicted R* =0.2377 are relatively low, suggesting
limited predictive capability. However, the
Adeq Precision =7.1333 >4 indicating an adequate

signal for the model, although the reliability is not high.

No. | SWA (deg) | SD | RSD (%) AE RE (%) Sa SWA SH

1 11.705 0.116 0.991 0.595 4.837 R? 0.6809 0.9938 0.9955

2 11862 | 0426 | 3.591 | 0438 | 3.561 Adjusted B 05532 0.9782 0.9844

3 11.634 0.199 L711 0.666 2415 Predicted R’ 0.2377 0.8488 0.9122

4 11.122 0.449 4.037 1.178 9.577 Adeq Precisi 71333 244023 323629

5 11678 | 0397 | 3.400 | 0.622 | 5.057 Sl : : '

6 11.672 0.090 0.771 0.628 5.106 In contrast, the SWA model exhibits an excellent fit with
7 12.007 0.579 | 4.822 0.293 2.382 R* = 0.9938, indicating that nearly all data variability is
8 11.958 0.338 2.827 0.342 2.780 : . 2

explained by the model. The =0. and

9 | 11445 [0356] 3111 | 0855 | 6951 P . Adjusted R” =0.9782

10 11.505 0.278 2.416 0.795 6.463 Predicted R~ =0.8488 are in reasonable agreement,
11 12.321 0.383 3.109 0.021 0.171 confirming good predictive performance. Additionally, the
12 11390 | 0467 | 4.100 091 7.398 Adeq Precision = 24.4023 , which is much higher than the
13 12.317 0.277 2.249 0.017 0.138 required threshold, demonstrates a very strong signal-to-
14 12.343 0.555 4.496 0.043 0.350 h i d s th del’s reliability f Ivsi
15 12.385 0.168 1356 0.085 0.601 noise ratio and supports the model’s reliability for analysis.

Similarly, the SH model also shows a very high
goodness-of-fit with  R>= 0.9955, along with
Adjusted R* =0.9844 and Predicted R* =0.9122, all of

which are high and closely aligned, indicating high
accuracy and excellent predictive capability. The
Adeq Precision =32.3629 further confirms a very strong
signal relative to noise.

Table 9. Analysis of variance for the regression model of Sa

Source Ss;lir;r(:zfs S“:ﬁ;:e Fvae | pvawe | Coef. |VIF
Model 10.45 2.61 5.33 [0.0146| 3.08
A-n 1.87 1.87 3.83 [0.0789(-0.5622|1.35
B-f 4.15 4.15 8.47 10.0155] 0.8366 |1.35
C-ap 1.30 1.30 2.66 |0.1337] 0.4039 | 1.0
D-SE 0.0412 | 0.0412 |0.0842|0.7776 |-0.1272 | 1.7

Residual | 4.90 | 0.4898

Lack of Fit| 4.33 0.4811 |0.8468 | 0.6946

Pure Error| 0.5682 | 0.5682

Cor Total| 15.35

In this study, when evaluating the influence of each
factor on the quality responses, the remaining factors were
fixed at their center levels, and SE was set at 3.5 nm. From
Table 9, it can be observed that the model is statistically

significant with a p, . =0.0146<0.05 and an
F..=533. The lack-of-fit test is not statistically
significant p . =0.6946>0.05, indicating that the

model adequately fits the experimental data and can be
used for prediction within the investigated range.

Based on the analysis of variance (ANOVA) results and
corresponding plots (Figure 14), the feed rate is identified
as the most influential factor on Sa (p,,,. =0.0155),
exhibiting a positive correlation, meaning that Sa increases

with increasing feed rate and vice versa. This is followed
by spindle speed, which shows a marginally significant

effect ( DPocive = 0.0789) and a negative correlation,
indicating that Sa increases as spindle speed decreases, and

vice versa. For the depth of cut, although ANOVA
indicates no clear statistical significance, the plots still
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show a slight increasing trend of Sa with increasing ap,
suggesting that this factor has an effect but is not
substantial. In contrast, SE has no significant effect on Sa,
as evidenced by the nearly linear trend in the plot.

6 6

Sa (nm)

Sa (nm)
|o |4‘ |N |Lu |h |m

1000 1200 1400 1600 1800 2000 1 2 3 4 5
A: n (rev/min) B: f (mm/min)

Sa (nm)

Sa (nm)
|O |4I |N |w |L |m |:n

3.8 44 5

7 8 2 26 32
D: SE (nm)

2 3

4 6

C: ap (pm)
Figure 14. Effect of factors on Sa

Table 10. Analysis of variance for the regression model of SWA

Source Sum of |- Mean Fvawe | pvawe | Coef. | VIF
Squares | Square
Model 2.13 0.2135 | 63.74 [0.0006 | 12.34
A-n 0.0209 | 0.0209 | 6.23 [0.0670|-0.0708 | 1.92
B-f 0.1512 | 0.1512 | 45.15 |0.0026 |-0.1907|1.92
C-ap 0.2367 | 0.2367 | 70.66 [0.0011]0.1720 | 1.0
D-SE 0.0033 | 0.0033 |0.9917 | 0.3757|0.0587 | 4.49
AB 0.1124 | 0.1124 | 33.56 |0.0044|-0.1770|1.12
AC 0.0015 | 0.0015 |0.4517 [ 0.5384|-0.0205| 1.12
BC 0.2379 | 0.2379 | 71.02 [ 0.0011|-0.2575| 1.12
A? 0.2194 | 0.2194 | 65.52 |0.0013|-0.2841|1.37
B? 0.5832 | 0.5832 | 174.12 | 0.0002 |-0.4867| 1.52
c 0.1083 | 0.1083 | 32.34 | 0.0047|-0.1996| 1.37
Residual | 0.0134 | 0.0033
Lack of Fit| 0.0125 | 0.0042 | 4.73 [0.3231
Pure Error| 0.0009 | 0.0009
Cor Total| 2.15

The ANOVA for SWA (Table 10) indicates that the
quadratic regression model is highly statistically
significant, with a p, . =0.0006<0.05 and a large

F

value

=63.74, demonstrating that the model effectively
explains the variability of the experimental data. The
Lack of fit =0.3231>0.05 is not significant, confirming
that the model is adequate and can be used for prediction.
The regression equation for SWA is given as follows:
SWA=12.34-0.1907B+0.172C-0.1774B

~0.2575BC —0.28414° —0.4867B° —0.1996C"

It can be observed that the influence of spindle speed on
SWA is nonlinear (Figure 15). As the spindle speed
increases to approximately 1500 rev/min, SWA tends to
increase; however, with further increases in spindle speed,
SWA decreases. The feed rate exhibits a more pronounced
nonlinear effect: as the feed rate increases to about

“

2.5 mm/min, SWA increases, further increases in feed rate
lead to a sharp decrease in SWA. For the depth of cut, SWA
shows an increasing trend with increasing depth of cut,
reaching a maximum at approximately 6 pm, after which
further increases in depth of cut cause a slight decrease in
SWA. The plot describing the effect of SE on SWA shows
almost no variation, indicating that SE has no significant
influence on SWA within the investigated range. Overall,
the factors n, f, and ap all exhibit nonlinear effects on SWA,
with the feed rate being the main dominant factor, while
spindle error does not have a significant effect on SWA.

1000 1200 1400 1600 1800 2000 1 2 3 4 5
A n (rev/min)

T T T T T T T T T T T T T
2 3 4 5 6 7 8 2 26 32 38 44 5
C: ap (pm) D: SE (nm)

Figure 15. Effect of factors on SWA
Table 11. Analysis of variance for the regression model of SH

Source Sum of | Mean Fyae | Ppvawe | Coef. | VIF
Squares | Square
Model | 8099.75| 809.98 | 89.21 | 0.0003 [5147.08| 1.92
A-n 518.46 | 518.46 | 57.10 | 0.0016 | 11.16 |[1.92
B-f 1452.73 | 1452.73 |160.01| 0.0002 | -18.69 | 1.0
C-ap 659.39 | 659.39 | 72.63 | 0.0010 | -9.08 |4.49
D-SE 100.67 | 100.67 | 11.09 | 0.0291 | 10.22 | 1.12
AB 257.64 | 257.64 | 28.38 | 0.0060 | 8.48 |1.12
AC 193.09 | 193.09 | 21.27| 0.0099 | -7.34 | 1.12
BC 82.71 82.71 | 9.11 | 0.0392 | -4.80 | 1.37
A? 353.75 | 353.75 | 38.96 | 0.0034 | -11.41|1.52
B2 479.51 | 479.51 | 52.81 | 0.0019 | -13.96 | 1.37
C? 21.66 | 21.66 | 2.39 | 0.1973 | -2.82 | 1.92
Residual | 36.32 9.08
Lack of Fit| 32.02 10.67 | 2.48 | 0.4294
Pure Error| 4.30 4.30
Cor Total| 8136.07

The ANOVA results (Table 11) indicate that the
quadratic regression model developed for SH is highly
statistically significant, witha p, ., =0.0003 <0.05 and a
=89.21,
effectively explains the variability of the experimental
data. The Lack of fit =0.4294 > 0.05 is not significant

indicating that the model adequately fits the data and can
be used for predictive purposes.

large F,

value

demonstrating that the model

The regression equation for SH is given as follows:
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SH =5147.08+11.164-18.698-9.08C +10.22D
+8.484B—7.344C -4.8BC—11.414° -13.96B°

From the plots (Figure 16), SH increases as the spindle
speed increases up to approximately 1800 rev/min; however,
with further increases in spindle speed, SH shows a slight
decreasing trend. The feed rate exhibits a decreasing effect
on SH, where increasing the feed rate significantly reduces
SH, particularly in the higher feed rate region, indicating that
feed rate is the main dominant factor influencing SH. For the
depth of cut, SH slightly decreases as the depth of cut
increases, although the slope is not steep. In contrast, SE
causes SH to increase, as indicated by an linear trend,
although the magnitude of this effect is not large. Overall,
the feed rate has the most significant influence on SH,
followed by spindle speed, while the depth of cut and SE
have relatively smaller effects.
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Figure 16. Effect of factors on SH

3. Conclusions

This study experimentally investigated the effects of
individual machining parameters as well as SE on the
geometric characteristics of diffractive surfaces of copper
alloys during diamond turning. In general, the feed rate has
the most significant influence on the surface quality
indicators, followed by the spindle speed. The depth of cut
has no effect on Sa, and a moderate effect on both SH and
SWA. The SE has no effect on Sa and SWA, and only a
slight effect on SH. Due to the limited investigation range
of SE, as well as its very small magnitude at the nanometer
scale, its influence on the diffractive surface quality
indicators has not been fully revealed. The selection of
appropriate machining parameters to achieve the desired
surface quality indicators for optimal diffractive surface
quality should be carefully considered. Future studies
should expand the investigation range to more
comprehensively evaluate the effects of machining
parameters and SE on diffractive surface quality.
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