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Abstract: Dry gas seals (DGSs) are emerging as advanced
forms of sealing under high-speed working conditions
owing to their low wear, zero leakage, and long-life char-
acteristics. However, it is difficult to accurately and efficiently
achieve the theoretical optimal groove depth and minimum
roughness requirements using existing laser technology,
which limits their practical application in high-speed working
conditions. Using ultrafast laser technology, the minimum
laser power corresponding to the ablation threshold of the
material was taken as the reference to achieve precision
machining of the target groove depth. The maximum groove
depth error and roughness were controlled within 4.06% and
0.425 um, respectively. In addition, the relationship between
the minimum spot diameter and continuous machining was
investigated. Ultrafast laser machining experiments demon-
strated that single-direction discontinuous machining could
form an ordered texture, which not only improved the sealing
performance but also simplified groove processing. The pro-
cessing time was reduced by ~30% compared with traditional
laser processing. Finally, a quality detection and evaluation
method, which can be used to scientifically determine the
quality and depth of DGS grooving, is proposed. Our results
provide a guideline for DGS processing and manufacturing.
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1 Introduction

The main feature of a dry gas seal (DGS) is that the friction
pair can be operated without contact using laser surface
texturing (LST) technology [1-3]. In terms of structure, var-
ious textures or grooves with depths of 3-10 um are
arranged on the end face of the dynamic or static ring
[4,5]. Therefore, the core technology of a DGS is reflected
in the design and level of precision machining of the micro-
meter groove. DGS processing methods mainly include che-
mical corrosion, electric spark erosion, sand blasting, and
LST. Among these methods, LST has become the main-
stream processing method in this field owing to its high
efficiency, good material adaptability, and high processing
quality [6,7]. The main parameters of laser processing
include laser power, minimum spot diameter, laser proces-
sing spacing, and scanning speed. The specific adjustment
methods and forms of action of these laser processing
parameters are detailed in Sections 2 and 4.

Groove depth, flatness, and roughness are three key
parameters in DGS precision machining, and with the aid
of fine grinding technology, the average roughness of
the seal end face can be reduced to 0.1 um [8]. However,
the grinding method based on the contact machining
mechanism cannot be used for the precision machining
of microscale groove bottoms of DGSs; therefore, it is diffi-
cult to efficiently and precisely control the groove depth
and roughness at the micrometer level with conventional
laser machining. Relevant studies [9-11] showed that when
the ratio of the film thickness to the root mean square of
the roughness exceeds 3-4, the influence of roughness can
be neglected. Greater roughness can improve the sealing
opening force, gas film stiffness, and friction torque, while
significantly increasing the amount of leakage. However,
with an increase in rotational speed, increased roughness
is harmful to the low-speed performance of the DGS.

This suggests that the effect of roughness on the DGS
cannot be ignored and that the mechanism of action is
complex. The relevant industrial technical standards and
requirements [12] specify that the bottom roughness of a
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DGS should not exceed 0.8 pm. This high-quality require-
ment results from the theoretical depth being meaningless
when the roughness is too close to the magnitude of the
depth. To ensure effective guidance of theoretical research
on DGSs for practical application, on the premise that the
roughness meets the requirements, the grooving tech-
nology should be as accurate as possible to achieve the
depth precision required by theoretical research. How-
ever, relevant literature studies [13-17] showed that mod-
ification of the texture of the groove bottom offers good
performance improvement and is more practical in engi-
neering, enabling improvement in the allowable roughness
value of the groove bottom and reducing processing
requirements. This concept provides the basis for the
research conducted in this study.

Establishing a set of high-efficiency and low-cost
design and processing technology to optimize the perfor-
mance of a DGS is challenging to achieve. Addressing this
challenge is the primary concern of this study. The contri-
butions of this work are summarized as follows:
¢ A precise DGS machining process with minimum rough-

ness is established as the target based on the minimum
laser power corresponding to the ablation threshold of
the material.

* A technical method is explored to realize precise proces-
sing of the ordered texture of the groove bottom of a DGS
using an ultrafast laser based on the design of an ordered
texture structure. Table 1 shows the parameters related
to laser processing.

Table 1: Main processing parameters of laser processing
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* Multipoint random depth quality evaluation methodology,
capable of delivering the required roughness, flatness, eva-
luation length, and mean square error, is proposed.

2 Experimental basis

2.1 Laser machining mechanism

When a laser is used to process a DGS, the methods that are
typically used to fill the spiral groove are one-way filling or
cross-illing, as shown in Figure 1(a). The one-way filling angle
a can be adjusted arbitrarily from 0° to 180°, with a = 0° and a =
90° being more commonly used. The principle of cross-filling is
the same as that of one-way filling and can be regarded as a
combination of two one-way fillings. Different filling angle com-
binations can form different cross-filling modes, among which
the combination of a = 0° and a = 90° is the most common.
In the process of ultrafast laser grooving of a DGS, many
parameters affect the processing accuracy. The logical rela-
tions between the parameters are shown in equations (1)-(3).

P
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Sy = > (2)
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Nomenclature

% Scanning speed (mm-s™) B

Ve Rated scanning speed (mm-s™) R,

X Laser scanning direction hq
y Laser processing direction hgo
S Laser spacing (um) Ax
Sx Laser spacing in x-direction (um) Ay
Sy Laser spacing in y-direction (um) P

f Repetition frequency (kHz) P,

n Cycle number Oy
ds Minimum spot diameter (um) ORra
a Filling angle (°) [Gn,]
lo Outer radius of the seal ring (mm) [ORal
rg Bottom radius of the seal ring (mm) E

ri Inner radius of the seal ring (mm) Eq
eq Groove width of the seal ring (mm) I
ew Weir width of the seal ring (mm) m

A Width ratio of the groove to the ridge (eg/e.) Qm

Ny Spiral groove number e

Helix angle (°)

Mean roughness (um)

Groove depth (um)

Laser single scan groove depth under certain parameters (um)
Laser spot overlap area in x-direction (um?)

Laser spot overlap area in y-direction (um?)

Laser power (W)

Laser power corresponding to material ablation threshold (W)
Mean square deviation of groove depth (um)

Mean square deviation of roughness (um)
Allowable mean square deviation of groove depth (um)

Allowable mean square deviation of roughness (um)
Energy of a single pulse (J-cm™)

Ablation threshold of the material (J-cm™)

Sampling length (mm)

Number of random tests

Material removal per unit time (cm3s™)

The energy density of a single pulse (J-cm™)
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Figure 1: Parameters related to laser processing. (a) Laser filling mechanism. (b) Laser processing schematic. (c) Laser energy characteristic curve.
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where P is the laser power, e is the energy density of a
single pulse, h; is the (target) groove depth, and hg, is the
laser single scan groove depth for certain parameters,
which can be obtained from the experiments. The sub-
scripts x and y in S, and S, represent the scanning and
processing directions, respectively, as shown in Figure
1(b). The minimum spot diameter d; is determined by the
laser property, the laser spacing S, in the x-direction can be
adjusted by system setting, and the laser spacing S, in the
y-direction can be controlled by modifying the scanning
speed V and repetition frequency f. Ax and Ay represent
the laser spot overlap area in the scanning and processing
directions, respectively. Whether the laser can achieve
continuous machining is closely related to the spot overlap
area. When S, > d; or S, > d,, Ax = 0 or Ay = 0, in which case
local laser discontinuous processing occurs, which leads to
uneven processing surfaces and even potholes.

2.2 Precision machining process

New ultrafast laser precision machining technology based
on the minimum laser energy corresponding to the abla-
tion threshold of the material is proposed. The technology
adheres to the principle of ultrafast laser processing and
takes the characteristics of the sealing material into con-
sideration. The brief process of laser processing is as fol-
lows: First determine the silicon carbide (SiC) processing
minimum ablation threshold, and adjust the laser proces-
sing power to slightly greater than the processing power
corresponding to the threshold of material ablation. Then,
using parallel or cross fill mode, realizing orderly proces-
sing groove in the x direction (S, > dy), y direction in order
processing (S, > ds) or precision machining.

2.2.1 Laser power

Equation (1) shows that the laser energy density (E) is
determined by the laser power (P) and repetition fre-
quency (). When the laser energy density is lower than a
certain critical energy density (E < E,), no material is
removed from the specimen surface even after a long
period of laser irradiation (¢ — ), and the groove depth
hs and roughness R, are almost unchanged, as shown in
Figure 1(c). This critical energy density is the minimum
laser energy density corresponding to the ablation
threshold of the material. Only when the laser energy den-
sity reaches or exceeds the minimum laser energy density
(E 2 Ep), will the surface layer of the material in the irra-
diated area be ablated. The longer the irradiation time, the
larger the amount of material that is removed (Q,,) and the
deeper the groove. Moreover, at higher laser energy den-
sity, more material is removed per unit time and the pro-
cessing accuracy becomes worse. In practice, different
laser energy densities are obtained by changing the laser
power based on a certain repetition frequency.

Clearly, the processing efficiency and quality cannot be
considered simultaneously in laser processing. In actual
production, the laser power needs to be selected by com-
prehensively considering the processing efficiency, preci-
sion requirements, and cost control.

2.2.2 Minimum spot diameter

To ensure that the processing direction and scanning direc-
tion of the spot overlap is not zero, the laser spacing in
both the x- or y-directions (S or Sy) should not be larger
than the minimum spot diameter. Otherwise, discontin-
uous processing occurs and potholes may emerge. These
will seriously affect the realization of micrometer-level
groove depth, low roughness, and high planeness.
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2.2.3 Scanning velocity

Scanning speed mainly affects the spot overlap area and
material removal efficiency in the y-direction. On the one
hand, as the scanning speed decreases, the processing effi-
ciency increases, and also the surface processing quality
decreases. On the other hand, although an increase in the
scanning speed can improve the machining accuracy, when
the scanning speed continues to increase, discontinuous pro-
cessing and potholes may occur. There is an optimal value for
the selection of scanning speed, and deviation from the
optimal value in different directions will affect the processing
efficiency and quality. This is an aspect that needs to be
emphasized in the experiment in this work.

2.2.4 Laser spacing

Similar to scanning speed, the laser spacing also has an
optimal value. In theory, the smaller the laser distance is, the
greater the spot overlap will be, and the higher the processing
efficiency will be. However, in practice, deviation from the
optimal spacing value should result in the decreased proces-
sing efficiency due to laser beam shielding with plasma and
ablated material debris. At the same time, the increase in laser
spacing is limited by the spot diameter, so it is one of the tasks
of this work to find out the optimal laser spacing reasonably.

2.2.5 Cycle indexes

In theory, after determining the combination of laser para-
meters, the cycle index n can be calculated according to the
single processing depth hg, and the target groove depth hg:
n = hy/hg,. However, in practice, a single machining depth
is difficult to detect and errors cannot be avoided.
Moreover, the subsequent fitting calculation further ampli-
fies the error, and the single machining depth is deter-
mined by averaging the detection results of multiple cycles.
If the final fitting value hy, is not ideal and inconvenient
for further fitting of the target groove depth, it would be
necessary to recombine the initial laser parameters until a
satisfactory value is obtained for the single processing
depth. A detailed flowchart is shown in Figure 2(a).

2.3 Ordered texture structure machining
process

In traditional laser processing, the random roughness of
the surface at the groove bottom is isotropic because the
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Figure 2: Method for determining the combination of laser parameters,
three-dimensional schematic of groove bottom and schematic diagram
of the logarithmic spiral groove. (a) Method for determining the com-
bination of laser parameters. (b) Isotropic surfaces and corresponding
flow patterns. (c) Anisotropic surfaces and corresponding flow patterns.
(d) Schematic of a logarithmic spiral groove.
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laser filling mode is mostly cross filling. A schematic of the
groove bottom and its microscale flow form are shown in
Figure 2(b). Under this condition, the fluid flow undergoes
damping, causing the flow rate and velocity to gradually
decrease owing to the damping effect. Relevant studies
[18,19] have shown that the texture direction considerably
influences the tribological and sealing properties of the
surface of the material. By combining the flow orientation
effect of the ordered texture and the dynamic pressure
generation mechanism of the DGS [20,21], we propose the
concept of designing the groove bottom of the DGS such
that it has an ordered texture. Let us assume that the scan-
ning path of the laser is relatively orderly according to the
direction of fluid pumping and that the texture of the groove
bottom after processing will also be in an overall orderly
shape. A schematic of the groove bottom and flow form is
shown in Figure 2(c). Here the flow form has an orientation
effect, and enables the fluid to pass through the seal without a
reduction in the flow rate. In particular, when the DGS is
rotating at high speed, this can enhance the effects of fluid
pumping and dynamic pressure. The validity of this concept
has been proven by studying various groove types [22-25]. A
groove bottom with an ordered texture promotes the orderly
flow of fluid in the flow field and further enhances the
pumping and dynamic pressure effects of the spiral groove.
Based on these principles, in the present study, we discuss the
way in which an ultrafast laser can be used to realize a
groove bottom with an ordered texture.

In ordered texture processing, the laser filling method
should first be changed; that is, it should be changed from
cross-filling to parallel filling in a single direction. Then,
the relevant parameters need to be adjusted to ensure that
the laser spacing in the x- or y-direction exceeds the spot
diameter (S, > d; or S, > dy); this is expected to result in
orderly processing in a single direction. The laser spacing
Sy can be directly adjusted by system setting, and the laser
spacing S, is determined jointly by the repetition fre-
quency f and the scanning speed V. We experimentally
adjusted the parameters and found the discontinuous pro-
cessing effect corresponding to the different parameters to
be quite different. Certain changes could not achieve the
expected ordered texture effect. This is discussed in detail
in Section 3.

2.4 Sealing sample preparation

SiC is a high-quality engineering material with high hard-
ness, high strength, high temperature resistance, and low
cost. The material is commonly used in the DGS industry.
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Based on these advantages, a DGS consisting of SiC was
selected for research on ultrafast laser precision machining.
The common type of groove in a DGS is shaped in the form of
a logarithmic spiral, which is shown in equation (4).

r = redtang, 4

where r is the radial coordinate of any point on the spiral
groove, ry is the radius at the root of the spiral groove, § is
the helix angle, and 6 is the circumferential angle between
the logarithmic helix at the polar diameter r and the
starting point.

Two logarithmic spirals and arcs are grouped into a
completed spiral groove, which is evenly distributed on the
seal end face, as shown in Figure 2(d). The basic geometric
parameters of the groove are listed in Table 2.

3 Experiments and methods

3.1 Experimental equipment
3.1.1 Laser machining equipment

According to the technical index of DGS technical condi-
tions [26], the roughness of the groove bottom should not
exceed 0.8 um; however, it is difficult to achieve this tech-
nical requirement. Based on the advantages and character-
istics of ultrafast lasers [27], the laser processing equip-
ment chosen for this experiment was the NI-LG-3120
picosecond laser micromachining platform independently
developed by the Nanjing Institute of Advanced Laser
Technology. Based on the experimental test, the laser
power corresponding to the silicon carbide ablation
threshold (P,) is ~6 W. Further test analysis and calcula-
tions enabled us to draw up the parameter range for
ultrafast laser precision machining of DGSs. The laser
equipment parameters and selection range are provided
in Table 3(a).

Table 2: Geometric parameters of spiral groove laser machining

Parameters

Outer radius of the seal ring r, (mm) 85
Root radius of the seal ring rg (mm) 65
Inner radius of the seal ring r; (mm) 60
Groove width of the seal ring ey (mm) 22.25
Weir width of the seal ring e,, (mm) 22.25
Width ratio of the groove to the weir A (ey/e.) 1
Spiral groove number Ny 12
Helix angle S (°) 15
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3.1.2 Inspection equipment

In this study, a two-dimensional probe contact profilometer
equipped with a picosecond micromachining platform was
selected for groove depth detection. The principle of contact
detection is to convert the change in the height of the scan-
ning probe on the measured surface into a change in mag-
netic flux, which is then converted to a voltage signal as
output. The measured minimum step height can reach 0.5
nm and the measurement accuracy is usually <1.5%, which
meets the detection accuracy requirement. To observe the
microscale morphology and flatness of the groove bottom,
an UP-Lambda three-dimensional (3D) confocal profilometer
(Rtec Instruments) was selected. The SPR2000 series rough-
ness tester and its matching detection platform, developed by
Shaanxi Weir Mechanical and Electrical Technology Co., Ltd,
were selected as the roughness detection equipment. The
linear accuracy is =+(5 nm + 2.8%), which meets the experi-
mental requirements. Related equipment parameters are pro-
vided in Table 3(b).

4 Results and discussion

4.1 Laser discontinuous machining

According to the theoretical analysis presented above, the
condition for laser discontinuous machining is Sy > ds or

Table 3: Laser processing parameters and equipment parameters
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Sy > ds, which was further analyzed and verified by con-
ducting experiments.

4.1.1 Increasing the laser spacing in the y-direction

As shown in Figure 3(a), with the premise that Sy =3 um <
ds, Sy increases as the scanning speed increases when the
repetition frequency remains unchanged. Once the spacing
exceeds d; as S, increases, the macroscopic structure of the
ordered texture structure becomes more obvious, and
the regular morphology of the microscopic structure of
the ordered texture becomes more significant.

Figure 3(b) shows the opposite situation. At this time,
Sx > ds (Sx = 20 um > dg). When the scanning velocity
remains unchanged, a decrease in the repetition frequency
increases S, the macroscopic structure of the ordered tex-
ture gradually weakens and even disappears, and the mor-
phology amplitude of the macroscopic structure of the
ordered texture also gradually becomes moderate.

The aforementioned experiments demonstrate that an
ordered texture cannot be formed when S, or S, is larger
than or smaller than ds at the same time. It is necessary to
ensure that the laser spacing in one direction does not
exceed d; and then adjust the spacing in the other direction
such that the laser spacing is greater than ds, thereby
obtaining a structure with a unidirectional ordered
texture.

Further analysis of the microscopic morphological fea-
tures of Figure 3(a) and (b) shows that, by adjusting S, with

Parameter Value

Textureless structure Ordered texture
(a) Parameters related to ultrafast laser precision machining
Spot diameter ds/(pm) 15 15
Filling mode Cross Parallel
Laser power P/(W] 6 6
Scanning speed V/(mm-s™) 1,000-2,000 1,000-2,000
Laser spacing in scanning direction S,/(um) 3 20
Frequency f/(kHz) 100-400 100-400
Laser spacing in processing direction S,/(um) 3-20 3-20
Cycle number n <30 <20

Manufacturer Typ Minimum step height Accuracy Measuring range in Z direction
(b) Equipment parameters
NI-LG 3,120 0.5 nm <1.5% <6.5pum
Rtec UP-Lambda 0.1 nm <0.7% 0.1-15mm
Linear accuracy Resolution scale Repeatability
Weir SPR2000 =+ (5nm + 2.8%) 1/262,144 =1 nm
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Figure 3: Influence of different processing parameters on the macroscopic modeling of discontinuous machining. (a) Influence of laser spacing in the
y-direction (Sy = 3 pm < ds =15 pm, P = 6 W, n = 20). (b) Influence of laser spacing in the y-direction (S, =20 um > ds =15 pm, P =6 W, n = 20). ()
Influence of laser spacing in the x-direction (P =6 W, f = 400 kHz, V= 1,000 mm-s~", n = 16). (d) Influence of scanning speed (P=6 W, S, =20 ym, n = 16).
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the scanning speed or frequency, the amplitude of the
ordered texture is affected while the laser spacing is changed,
which is not conducive to accurate regulation of a single
parameter of the structure of the ordered texture.

4.1.2 Increasing the laser spacing in the x-direction

The laser spacing in the x-direction, Sy, can be set directly
by adjusting the laser. As shown in Figure 3(c), with the
premise that S, < d; (S, = 2.5 um < dj), a structure with an
ordered texture can be obtained once S, exceeds d,. The
corresponding amplitude of a texture with different S,
values is constant, and the larger the value of S,, the
greater the spacing between adjacent textures.

X =821 pm
pm Y =6156 pm
Z=1473 ym

(a)

(©)
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Compared with S,, S, can achieve an effective adjustment
of texture spacing without changing the texture parameters
(width and amplitude), and the parameters of the obtained
ordered texture are more consistent. The setup for the pro-
cess is both direct and convenient. It does not involve changes
in the scanning speed or repetition frequency, which in turn
would affect the laser energy and texture amplitude, compli-
cating the machining and introducing uncertainties.

4.1.3 Scanning speed
To further analyze the influence of the scanning velocity, the

influence thereof on the laser processing was studied based
on the condition that S, > d;. Figure 3(d) shows the laser

4/ Depth polyline diagram >

200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600

PIFERE  5.14583  {KGm)

(b)

4 / Depth polyline diagram 13

RE-HBES R E

RE G

PIIEE 6.05609  fHK(um)

(d)

Figure 4: Detection results of textureless structure and ordered texture structure. (a) 3D topography of the textureless structure. (b) Groove depth
test results (P =6 W, f= 400 kHz, V= 2,200 mm-s~", S, = 3 pm, n = 10). (c) 3D topography of the ordered texture structure. (d) Groove depth test results

(P =6 W, f= 400 kHz, V = 2,000 mm-s~", S, = 20 pm, n = 5).
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processing micromorphology at different scanning speeds
when S, = 20 pm. As shown in the figure, an increase in
the scanning speed also causes S, to increase. In addition,
the macroscopic structure of the ordered texture becomes
increasingly fuzzy and the morphology amplitude of the
microscopic ordered texture decreases gradually. This is
because, as S, increases, the spot coincidence rate in the
y-direction decreases and the amount of material removed
per unit time decreases. Based on these results, it can bhe
concluded that, when laser processing meets the require-
ments of ordered texture structure, the higher the scanning
speed, the smaller the amplitude of the ordered texture mor-
phology, and the less obvious the texture characteristics are.

4.2 Laser processing and microscopic
analysis of texture
4.2.1 Precision machining of textureless structure

Figure 4(a) and (b) shows the results of 3D topography
detection and groove depth detection of the textureless

Preparation and evaluation of spiral grooves == 9

structure, respectively. The reddish-brown area in Figure
4(a) is the non-grooved area, which corresponds to the
detection result with a depth of 0 in Figure 4(b). The sur-
face of the non-grooved area is clearly of very high quality
after fine grinding. The flatness and 3D morphology of the
groove bottom in the processing zone are slightly lower
than those in the non-processing zone. Compared with
the processing results of the fiber laser [28,29], the ampli-
tude interval of the groove bottom is significantly reduced
(~2 pm compared to 10 ym in the aforementioned studies),
and the overall flatness and morphology are also superior.

4.2.2 Precision machining of ordered texture structure

Figure 4(c) and (d) shows the 3D confocal profilometer and
groove depth detection results of the ordered texture struc-
ture, respectively. The figure shows that the ordered tex-
ture obtained based on the technical methods employed in
this study has good accuracy and is easily recognizable.
The results demonstrate that the amplitude range of the
ordered texture structure is obviously increased, and the

1 1 R

VAVAFAVAVATAVE

Z(IJO

0 50 150 250 3(‘)0 350 460 450 pm
Parameters Value  Units
Width 24777 pm
Maximum depth  9.596 pum
Mean depth 3.111  pm
(@
= — YT EEEEY]
-10 4 L
50 160 150 200 250 300 350 400 450 pm
Parameter Value 2-3 4-5 6-7 8-9
Width um 27.64 29.11 2948  30.58

Changing pm

0.07822 0.2937 0.7976 -

(b)

Figure 5: Detection results of 3D morphometry of the ordered texture structure. (a) Groove depth test results. (b) Texture parameter detection results.
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difference between the peak and valley of the groove
bottom is large but more uniform, which is mainly
affected by the sinusoidal structure of the groove bottom
section. The average depth is selected as the groove depth
of the ordered texture groove, which is based on the axis
of sinusoidal symmetry and is representative to a certain
extent.

4.2.3 Microscale analysis of ordered texture

To further study the microstructure of the ordered texture
structure, the depth and spacing of the microstructure
were analyzed using a 3D confocal profilometer, as shown
in Figure 5(a). The sinusoidal morphology features of the
ordered texture were clear and consistent. Figure 5(b)
shows the analysis and detection results of the texture
spacing. The average texture spacing at positions 2-3,
4-5, 6-7, and 8-9 is 29.20 pym, and the maximum error
is only 5.65%. These values are only used for theoretical
analysis. Additional texture spacing data should be
selected in the actual detection to improve the reliability
of the results. This result shows that the proposed proces-
sing method to obtain the ordered texture structure more
effectively ensures the consistency of the microstructure.
Furthermore, the proposed processing method is able
to realize precision machining of the ordered texture
of DGSs.

4.3 Processing efficiency

In order to compare the processing efficiency of ordered
structure technology and traditional precision machining, a
fiber laser commonly used in produkty was used to carry out
a comparative experimental study on the processing effi-
ciency of the two processing processes based on the para-
meter settings shown in Table 4. Through analysis and
testing, the grooving depth of the two processes in a single
cycle per unit time can be calculated, and then the machining
time of the two processing processes corresponding to dif-
ferent target grooving depths can be obtained by fitting.
The fitting results are shown in Figure 6(a). It can be seen
that the order processing of DGS based on the ordered struc-
ture technology has high efficiency and short cycle. Compared
with conventional laser precision (the textureless structure
method), the machining time of the ordered structure tech-
nology was reduced by 31%. Taking the groove depth h; = 5
um as an example, the time of the ordered structure tech-
nology is saved by about 10.39 min compared with the tradi-
tional precision machining method.

DE GRUYTER

In order to obtain the ideal range of machining para-
meters, supplementary experiments have been designed.
The effects of laser spacing S,, scanning speed V, and fre-
quency f on the groove bottom roughness were studied
separately. As shown in Figure 6(b), when the filling spa-
cing is 5-20 um, the scanning speed is 1,000-2,000 m-s ™
and the repetition frequency is >100 Hz, the groove bottom
roughness performs well. It means, the processing para-
meters are within the above range, which is conducive to
improving the processing quality.

5 Quality inspection specification

A search of the literature and patent information in this
field reveals that a standard or specification related to
DGS precision machining does not exist. To realize unified
planning and standard recognition of the processing
quality of DGSs, we considered the key characterization
parameters and errors in the processing of DGSs, while at
the same time referring to the relevant industrial manu-
facturing standards [30]. A preliminary method for the
quality detection and evaluation of DGS processing was
proposed. The groove depth and roughness were ran-
domly detected several times based on the same detection
method. When the sampling length [, > 0.8 mm and the
number of random tests m > 9, under the premise that the
mean roughness R, < 0.8 um, the mean square deviations
of the groove depth and roughness would have to meet
the following requirements which is shown in equa-
tion (5).

221()( '_)?)2
O\ -1 < ond

iy )?
GRS = Zl_rlrfy%i}) < [O-Rs]’

where oy, and og, represent the mean square deviations of
the groove depth and roughness, respectively, and [op, ] and
[or,] are the allowable mean square deviations of the
groove depth and roughness, respectively. Only when the
groove depth and roughness meet the requirements of
the allowable mean square deviation, can the corre-
sponding mean value of the groove depth7 be regarded
as the final groove depth determination result.

The novelty of the proposed quality detection and
evaluation method mainly reflected in the following
aspects:

(1) The number of detections is specified, which can effec-
tively reduce the influence of single detection error.

5)
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(2) The sampling length is calibrated to avoid the influence
of insufficient overall characterization caused by
excessively small sample length.

(3) The combination of random multi-groove and single
groove random multiple times can improve the validity
of sample data.

(4) The fluctuation range of roughness and groove depth
data is defined by means of mean square deviation,
which further improves the reliability of detection data.

Based on this evaluation method and the ultrafast
laser processing technology concept proposed in this
work, both textureless and ordered textures were selected
for detection and analysis. The NI-LG-3120-type picosecond
laser processing platform was used to produce three
groups (six samples) of seal samples with different depths.
The expected groove depths calculated from the single-
cycle depth are listed in Table 4(a).

The groove depth and roughness were tested. First, three
grooves were randomly selected on the seal ring, and then
three positions were randomly selected for each groove. The
final test results of the groove depth and roughness consist of
nine groups, as provided in Table 4(b) and (c). As indicated in
Table 4(b), the processing quality of the textureless structure
is relatively ideal, and the maximum average roughness is
only 0.425 um, meeting the requirement of R, < 0.8 um. The
maximum mean square deviations of the groove depth and
roughness are 0.0000900 and 0.0000006, respectively, indi-
cating that the proposed processing technology has good sta-
bility. The results in Table 4(c) show that, compared with the
textureless structure, the roughness of the ordered texture is
generally greater (with a maximum roughness of 1.104 pm),
and the mean square deviations of the groove depth and
roughness are also higher (with maximum values of
0.0002200 and 0.0001227, respectively). This is because,
although the regularity of the groove bottom of the ordered
structure is good, the existence of texture increases the fluc-
tuation of groove depth and roughness, which affects the
detection results.

According to the aforementioned experimental results,
the allowable mean square deviations of groove depth and
roughness for a textureless structure are suggested as fol-
lows: [gp,] = 0.0001 um and [gg,] = 0.000001 um. For the
ordered texture structure, the requirements for groove
depth and roughness can be reduced appropriately. It is
suggested that R, < 1.2 um, with [oy,] = [ag,] = 0.0002 pm.

Further analysis of the results in Table 4(c) indicates
that the maximum error between the actual groove depth
and the expected groove depth is only 4.06%, demon-
strating that the proposed technology can more accurately
meet the actual machining requirements.

Preparation and evaluation of spiral grooves =— 13

6 Conclusion

In practice, different parameter combinations correspond
to different production and processing efficiencies for DGS
precision machining of either the textureless or ordered
texture type. Given the requirement for high production
efficiency and based on the parameter combination
corresponding to the ablation threshold of the material,
parameters such as the laser power, scanning speed, and
repetition frequency can be adjusted to reduce the proces-
sing precision and improve the processing efficiency until
the accuracy-efficiency trade-off is optimal. The conclu-
sions are summarized as follows:

(1) For precision machining of DGSs, it is very important to
scientifically identify the optimal parameter combina-
tion corresponding to the ablation threshold of the
material; this is crucial for further exploration of
high-efficiency processing technology that satisfies
the requirement of precision.

(2) The “cold machining” feature of picosecond ultrafast
lasers increases the accuracy of the processed surface,
which is suitable for high-efficiency and high-quality
precision machining of DGSs with micrometer-level
texture groove depth, thereby meeting the production
requirements of industrial applications.

(3) Under the premise of ensuring that the laser scanning
spacing corresponding to the repetition frequency and
scanning speed does not exceed the minimum spot
diameter and thus does not cause discontinuous pro-
cessing, an ordered texture structure with good mor-
phological characteristics and high precision can bhe
realized by reasonably adjusting the laser spacing in
the x-direction.

(4) A quality detection and evaluation method based on
random depth and roughness mean square deviations
at multiple points under the same test method is pro-
posed. The method can be used as a reference for the
subsequent development of quality testing schemes for
DGS grooving in line with industrial testing standards
and efficiency requirements.
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