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Abstract

The nickel-based superalloy GH4169 exhibits excellent thermal stability and fatigue
resistance, making it widely utilized in the aerospace and marine manufacturing industries.
However, the high mechanical strength of the nickel-based superalloy GH4169 leads to issues such
as high grinding forces during grinding and poor surface morphology of the material after grinding.
To improve the processing quality of GH4169, this study employs ultrafast pulse laser texturing to
create two distinct biomimetic structures on its surface. The study explores the impact of laser
parameters on both the recast layer and surface hardness. Subsequently, grinding experiments are
conducted on both structured and non-structured workpieces. The grinding forces and surface
roughness during grinding are analyzed, and the surface morphology of the workpiece after
grinding and the corrosion resistance of the material are also tested. According to the test results,
the grinding forces of the fishbone-like and nacre-like structure workpieces are reduced compared
with those of the non-structured workpieces, and the maximum tangential grinding forces are
reduced by 38.54% and 35.98%, and the maximum normal grinding forces are reduced by 30.24%
and 29.6%, respectively. In addition, the corrosion resistance of the surface of the structured
workpieces after grinding is better compared to the non-structured workpieces, and the best

corrosion resistance is obtained for the fishbone-like structure.
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1. Introduction

The GH4169 nickel-based superalloy demonstrates outstanding mechanical properties,

including oxidation resistance, chemical inertness, and mechanical strength when exposed to



elevated temperatures. Due to these exceptional characteristics, it finds extensive application in the
manufacturing of aero-engine blades. The unprocessed superalloy exhibits inadequate surface
integrity and a high degree of surface roughness, rendering it unsuitable for industrial applications.
Consequently, additional processing is necessary to meet the requisite standards. Nevertheless, the
grinding of nickel-based superalloy continues to present challenges due to their low thermal
conductivity, propensity for work hardening, and strong chemical affinity for tool materials [1, 2].
During the grinding process, a range of surface integrity issues can arise, including the formation of
surface cavities/cracks, grooves, feed marks, surface tears, and the presence of adhering metal
fragments [3]. Furthermore, owing to their robust mechanical characteristics, workpieces made of
nickel-based superalloy frequently experience substantial tool wear and notable subsurface thermal
damage [4].

The advancement in thrust ratio and performance demands of aero engines has led to an
escalation in the requirements for processing quality and utilization performance. Consequently,
numerous unconventional hybrid grinding techniques are being utilized. In recent decades,
laser-assisted grinding (LAG) has garnered significant attention as a form of laser-assisted
machining (LAM) within the realm of various hybrid grinding techniques. Laser-assisted processing
leverages the high energy density properties of lasers to irradiate and preheat the target surface,
thereby altering the material properties and inducing a state of “softening”. This, in turn, enhances
the processing performance of the material. Xiao et al. [5] have discovered that employing laser
assistance during the machining of high-strength alloys can lead to the reduction of scratch forces,
and the utilization of an appropriate laser power level can enhance the efficiency of material
removal. Li et al. [6] investigated the impact of laser process parameters on damage to material
surfaces. They investigated the impacts of laser-assisted grinding technology through laser-induced
damage experiments, laser-assisted grinding experiments, and diamond scratching experiments. The
findings indicated that, in comparison to traditional grinding methods, laser-assisted grinding
resulted in a 35.6% reduction in normal grinding force, a 43.6% reduction in tangential grinding
force, a 43.58% decrease in specific grinding energy, and a 24.22% improvement in surface
roughness. Xu et al. [7] conducted experimental investigations concerning the laser-assisted heating
of zirconia ceramics, focusing on factors like surface roughness and grinding force. The findings
indicate a notable reduction in both surface roughness and grinding force during laser-assisted
heating grinding. This hybrid approach effectively addresses the challenges associated with the
elevated specific grinding energy demands of advanced ceramic grinding. Kim et al. [8] conducted
a favorable evaluation of laser-assisted machining of titanium alloy, examining various factors

including cutting force, surface roughness, and tool wear. Kalantari et al. [9] methodically



investigated the impact of laser-assisted processing on the surface integrity of Ti-6Al-4V. The
findings demonstrated that, when conducted under controlled process conditions, laser-assisted
processing can markedly enhance the surface integrity parameters of Ti-6Al-4V. Nonetheless, strict
control of laser power and laser preheating time is required in laser-assisted grinding to avoid
adverse thermal damage effects on the workpiece surface. Moreover, due to the high temperature
effects in laser-assisted grinding, thermal cracks and deformations are prone to occur on the
workpiece surface, particularly in materials with high hardness and fragility, which exacerbates this
issue.

Currently, surface texture technology finds broad applications across various domains,
including thrust bearings [10-12], journal bearings [13, 14], cylinder liners and piston rings [15-17],
areas with concentrated contact [18, 19], machinery, and other sectors. This technology is also
employed in seals [20, 21], cutting tools [22-24], and even biomimetic surface engineering [25, 26].
Numerous methods are available for working with surface textures. High-energy beams can be
applied to irradiate material surfaces, causing material melting and vaporization, as exemplified by
laser processing [27, 28]. Chen et al. [29] conducted an investigation into the benefits of
laser-assisted ablation in texture-supported grinding for tungsten alloy. They conducted a
comparative examination of surface morphology and surface roughness between traditional
grinding and laser-assisted ablation texture-supported grinding. The findings revealed that the
conventional grinding process yielded suboptimal surface morphology with elevated surface
roughness and substantial grinding forces. Following laser ablation texture processing, the surface
morphology of tungsten alloy subjected to laser ablation texture-supported grinding exhibited
enhancements. Specifically, surface roughness witnessed a reduction within the range of 0.023pm to
0.204pm, normal force reduced by 49.91% to 59.46%, and tangential force exhibited a decrease
within the range of 44.11% to 58.49%. Drawing inspiration from leaf veins, Zhang et al [30]
examined the influence of bionic leaf vein structure on the grinding properties of SiC. Two bionic
leaf vein structures with different densities of microchannels were devised and then compared
against unstructured SiC surfaces. The experimental findings demonstrate a noteworthy escalation
in the grinding force as the microchannel density decreases. Furthermore, the fractal branching
structure facilitates a greater delivery of coolant throughout the grinding region. The outcomes
affirm that the fractal branching structure on the SiC ceramic enhances grinding capacity and
elevates the quality of the grinding process. Kadivar et al. [31] used an ultrashort pulsed laser for
the first time to structure a microgrinding tool and Si3N4 workpiece prior to microgrinding.
Structuring showed that structuring either the workpiece or the tool significantly reduced the

grinding forces, while showing that unstructured tools had higher tool wear and shorter tool life.



Azarhoushang et al. [32], by micro structuring the workpiece surface with nano- and pico-second
laser radiation before grinding, was able to reduce specific grinding energy by up to 55% while
slightly improving the grinding surface quality. Zahrani et al. [33] conducted experimental studies
on laser-assisted cylindrical grinding of silicon nitride ceramics, showing that the proposed
laser-assisted grinding process could achieve a damage-free grinding surface compared to
conventional grinding methods.

Biomimetic structures have the capability to replicate biological structures and functionalities
onto workpieces, thereby imparting certain specific properties to the workpiece. In recent years,
novel bionic structures inspired by natural designs, for instance, nacre and fishbone have been
utilized to enhance the overall component performance. The nacre-like bionic structure, in particular,
is widely acknowledged as an excellent and potential design, characterized by its higher strength
and remarkable toughness attributed to specific structural features that induce crack deflection and
bridging behaviors [34, 35]. Similarly, the fishbone-like bionic structure is also esteemed for its
outstanding fracture toughness, due to its unique structural attributes, leading to a buffering effect
[36]. Although these two relatively novel biomimetic structures have potential advantages, their
application in surface grinding of workpieces has not yet been explored.

In this paper, two bionic structures are prepared on nickel-based superalloy GH4169
workpieces using an ultrafast picosecond laser, and the effects of different laser parameters on the
bionic structures are analyzed. Grinding experiments are carried out using resin CBN grinding
wheels to comparatively analyse the surface integrity of nickel-based superalloy at different
grinding depths under conventional and laser structure-assisted grinding, including surface
morphology, surface roughness and grinding force, and to explore the advantages of using laser
structure-assisted grinding for nickel-based superalloy. Finally, the corrosion resistance
performance of unstructured workpiece grinding surfaces and structured workpiece grinding
surfaces is being explored. This study informs the feasibility of a laser structured assisted grinding

process for the nickel-based superalloy GH4169.
2. Analysis of thermal damage of nickel-based superalloy GH4169 laser ablation

2.1 Equipment and materials for laser structured experiments

In the test, nickel-based superalloy GH4169 is used as the workpiece material, and the size is
15x15x5mm, the chemical compositions of material used in this investigation are listed in Table 1.
Fig. 1 illustrates the experimental equipment and materials used in the study.

Table 1 Chemical composition of nickel-based superalloy GH4169 (Wt%).

Element Ni Cr Co W Mo Al Ti Hf C




Wt% Bal 156 106 5.5 2.0 3.1 43 0.2

o
-]

Nickel-based superalloy
GH4169

Fig. 1. Experimental equipment and materials.

Surface structure can effectively reduce the contact area between objects, consequently
mitigating friction, thereby leading to a reduction in energy consumption and wear, and
consequently enhancing the operational efficiency of mechanical systems. Concurrently, the surface
structure facilitates improved liquid dispersion across the workpiece surface, consequently
augmenting the efficiency of the grinding fluid in evacuating grinding debris. Laser ablation is
employed to fabricate a biomimetic workpiece mimicking a predetermined structure, employing the
BC-2900 pulsed fiber laser system. The laser system features a pulse frequency (fp) ranging from 1
to 200 KHz, the average power (Pay) ranging from 1 to 30W. Based on preliminary experiments, at
a scanning speed of 50 mm/s, the laser energy can effectively concentrate on the material surface,
thereby achieving more precise and uniform material removal. Table 2 outlines the laser parameters
considered in the creation of the bionic structures, from which the anticipated width and depth of
the structures are determined.

Table 2 Experimental process parameters.

Factors Parameter/value
Laser power (W) 9,12, 15,18, 21,24
Laser scanning speed (mm/s) 50

Laser frequency (KHz) 50, 60, 70, 80
Beam diameter (um) 30

According to previous studies, the fishbone-like structure is symmetrical on the left and right
sides, has a uniform distribution, and has a high average heat transfer coefficient. According to the
results of Xu [37], the best resistance to fatigue fracture and crack extension of the samples is

obtained when the fractal angle is at 45°. Additionally, in symmetric fractal structures, the increase



in coolant flow in microchannels not only enhances the lubrication efficiency of grinding but also
strengthens the function of storing chips [38]. As shown in Fig. 2, two biomimetic structures are
ablated on the surface of nickel-based superalloy GH4169 workpiece using laser. Different
biomimetic structures correspond to different characteristic parameters, which are detailed in Table
3. It can be observed from the figure that ultrafast pulsed laser can construct the designed

biomimetic structures.
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Fig. 2. Surface morphology of two types of laser structured nickel-based superalloy GH4169: nacre-like structure
(a), and fishbone-like structure (b).

Table 3 Characteristic parameters corresponding to different structure shapes.

Structure shape Fishbone- like Nacre- like
Dy=0.5
D,=2.5
Dp=0.5
Geometric characteristic D,=0.5
D=1
parameters (mm) Dy3=0.5
6=45°
S$:=0.5
S=0.5

To achieve a structure with fewer recast layers and a smooth bottom of the channel groove, the
scanning line spacing is set to 1um, resulting in 100 scanning lines in each irradiation zone. After

the structure ablation is completed, the VHX-5000 ultra-deep field microscope is used to analyze



the ablation area. In order to study the surface morphology after laser ablation, the OLS-5000 Laser
Scanning Confocal Microscope is used to photographically analyze the microchannels of the
structure. The Vickers hardness tester is employed to measure the material’s hardness, aiming to

evaluate the impact of laser ablation on the material.
2.2 Analysis of results

2.2.1 Ablation layer depth
In the field of laser material processing, laser energy intensity is expressed as the power

density per unit area, which is calculated by the formula:

L
= (D)

I represents the laser energy intensity, P represents the laser power, v represents the scanning
speed, and d represents the spot diameter.

As shown in Fig. 3, laser power intensity determines the distribution of laser energy per unit
area. When the power intensity is too low, the laser energy is insufficient to melt or vaporize the
material, resulting in smaller groove depth and width. When the laser power intensity is less than 10
J/mm?, the groove depth and width gradually increase with the increase in power intensity. However,
when the power intensity reaches a threshold value, further increasing the power intensity instead
leads to excessive melting or re-solidification of the material surface, affecting the depth and width
of the grooves, and the depth and width of the grooves instead decreases, and in this paper, the
depth of the grooves reaches a very small value when the laser power intensity is at 12 J/mm2. As
the laser energy further increases, the power intensity overcomes the plasma shielding effect,
significantly enhancing the efficiency of material vaporization and ablation, which increases the
groove depth and width once again. At a certain frequency, we have observed a significant
fluctuation in ablation depth as laser energy intensity changed. However, when the power is certain,
the ablation depth fluctuates little with the change of laser frequency. This suggests that laser energy
intensity has a greater impact on material removal compared to laser frequency. Laser energy
intensity dictates the energy transferred to the material surface per time unit, leading to increased
heating and melting with higher power levels. Higher power lasers can heat a greater volume of
material in the same time frame, thereby facilitating the formation of thicker recast layers. Power
has a more direct impact on the laser-material interaction compared to laser frequency. Laser
frequency is typically associated with pulse width, and a higher frequency may indicate a shorter
pulse width. Shorter pulses are more likely to generate a smaller melting zone, thus potentially

resulting in a thinner recast layer at the same power. For the same laser energy intensity, higher



frequency lasers may prioritize surface removal over recast layer formation. This assertion is
supported by a plot of laser energy intensity versus ablation width (Fig. 3).

As shown in Fig. 4, the surface ablation micrographs are shown when the laser energy
intensity is raised from 6J/mm? to 16J/mm? at a laser frequency of 60 KHz, from which it can be
seen that the recast layer and melt particles can be observed at the bottom of the groove even at the
minimum experimental power. The formation of melt particles is a common phenomenon during
laser processing, especially under high power conditions. A high-power laser beam can concentrate
a large amount of energy into a small area in a very short time, rapidly heating the material beyond
its melting point and causing it to melt. Higher energy densities lead to the melting of the material's
surface and near-surface regions. Nickel-based superalloy GH4169, being a high melting point
material, tends to accumulate heat in localized areas, forming larger molten pools and resulting in
the generation of molten particles. These molten materials, under the influence of thermal stress and
surface tension, can splash or move, forming particles. In accordance with the description of short
pulse laser ablation of metals, as per the two-temperature model [39, 40], the morphology at the
base of the ablation groove, when subjected to low laser energy intensity (<12J/mm?), reflects
material removal primarily governed by the optical absorption depth. Within this operational range,
carrier density remains insufficient to significantly affect the energy penetration depth, thus
rendering the ablation rate chiefly influenced by the optical absorption depth of the laser irradiation
into the material. After absorbing the energy of the laser pulse, electrons undergo rapid heating,
subsequently transferring energy to the lattice through electron-phonon coupling within a brief time
frame. However, the energy and density of these heated electrons are insufficient to enable
substantial diffusion of hot carriers into the surrounding material beyond the initial interaction
volume of the laser with the material. Consequently, the energy transfer of thermally excited
electron remains limited to this interaction volume, delineated by the material’s skin depth,
potentially leading to local sublimation [41]. The lattice heats up rapidly in picoseconds and a vapor
or plasma forms on the surface of the material. Moreover, the presence of a molten material rim
surrounding the ablated groove, even under low-power conditions, indicating decomposition
splashing of the recast material produced during ablation [42, 43]. In this case, most of the energy is
used to peel off a thin layer from the surface of the material instead of producing a thicker recast
layer.

For laser energy intensity above 12J/mm? the laser ablation is primarily controlled by the
thermal penetration depth rather than just the material’s optical absorption depth [44, 45]. In this
scenario, laser ablation is mainly influenced by thermal diffusion. Under these conditions, the

surface of the material forms a significant electron density gradient, which is a manifestation of the



density and energy of the thermally excited electron excited by the laser energy intensity. This
gradient allows for the diffusion of thermally excited electron flow into the interior of the material,
resulting in the laser’s thermal ablation exceeding the irradiation range and the originally defined
volume, thereby forming a larger thermal effect and thermal influence zone. This is influenced by
the central portion of the Gaussian laser beam, while in the lower power regions around the laser
beam, the optical absorption depth of the material remains higher than the energy transmission
depth. As a result, two distinct regions are formed in the ablation area: a central region where the
consumption of laser energy mainly leads to material melting and decomposition, and a region
between the central and edge regions, where the dissipation of laser energy to heat is minimal, and
material ablation mainly occurs through sublimation. At this point, the laser energy is high enough

to allow more time for the material to flow and form a thicker recast layer as it melts.
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Fig. 3. Ablation layer depth and width of laser ablation nickel-based superalloy GH4169.
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Fig. 4. Morphology of the bottom of the ablation groove.

2.2.2 Hardness analysis
In statistical practice, to comprehensively characterize the entire population, a five-point

sampling method is commonly employed, involving the random selection of five sample points for



data collection and analysis. Given that the laser processing parameters and structural parameters
are identical for both fishbone-like and nacre-like structures, in Vickers hardness testing
experiments, sampling tests were conducted along the main backbone of the fishbone structure,
with a sampling interval of 1 mm. The measurements depicted in Fig. 5 show the change in
hardness of the ablated samples at different laser energy intensity and frequencies. The hardness of
the untreated GH4169 nickel-based superalloy is about 391.65 and it varies as follows at different
laser energy intensity treatments: (i) the hardness increases from 391.65 to 398.9 at a laser energy
intensity of 6 J/mm?; (ii) the hardness value decreases to 253.46 as the laser energy intensity is
further increased to 16 J/mm?. Laser irradiation is commonly employed for material hardening;
however, under certain selected parameters, it can also induce both hardening and softening effects
on the material [46]. The observed increase in hardness can be attributed to plastic deformation
resulting from dislocation motions. After the material surface is irradiated by high-energy laser
beams, the grains may rearrange or recrystallize, leading to a decrease in grain size. At the same
time, during the laser ablation process, the material undergoes local heating and cooling, which may
generate compressive stresses. These factors result in an increase in surface hardness after ablation.
However, the decrease in hardness may be due to the presence of tensile residual stresses, which
cause plastic deformation of the material, resulting in a decrease in surface hardness of the material.
When the laser energy intensity increases to 8 J/mm?, the hardness begins to decrease, oxygen
diffusion occurs on the grain boundaries of the material, resulting in the generation of tensile
residual stresses, thereby enlarging the grains and reducing the hardness value [47].

Therefore, at a laser energy intensity of 10 J/mm?, the hardness value of the nickel-based
superalloy GH4169 decreases, leading to the disruption of its own structure, with the organization
transitioning from dense to loose, and gaps present in the recast layer after laser ablation. Thus,
under specific laser parameter conditions, the surface of the material undergoes softening, which is
beneficial for the grinding of the nickel-based superalloy GH4169. During the grinding process,
energy loss can be reduced, and the softened material is relatively easy to remove. This
phenomenon may result in improved surface quality, reduced subsurface damage, and diminished
grinding force requirements.

As the laser frequency increases, the material hardness tends to decrease. This is because as the
laser frequency increases, the time interval between laser pulses becomes shorter, making it too late
for the heat from each pulse to dissipate on the material surface, leading to heat accumulation. This
causes the surface temperature of the material to rise continuously. The accumulation of heat
expands the heat affected zone, leading to changes in material properties over a wider area, further

reducing the hardness.
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3. Experimental of the nickel-based superalloys laser texture-assisted grinding

3.1 Grinding equipment

According to the outcome of the discussion in Part 2 of this paper, selection of 10 J/mm? laser
energy intensity and 50 mm/s scanning speed for laser irradiation of workpieces. CBN is chemically
more stable than diamond when in contact with nickel-based alloys at high temperatures, as
diamond reacts with nickel, causing rapid wear and degradation. CBN wheels maintain their shape
and sharpness longer when grinding hard materials like nickel-based superalloys, improving surface
finish and dimensional accuracy. Additionally, resin bonds provide elasticity, absorbing vibrations
and impacts during grinding, leading to better surface finish and reduced surface cracking. They
also offer good self-sharpening properties, extending the wheel's life and ensuring consistent
grinding performance. Therefore, for the grinding experiments, a PPG48/2 surface grinder is used
with a 400 mesh CBN grinding wheel, 350 mm diameter and 20 mm width. The grinding force is
measured using a 9257B (Kistler) dynamometer, as illustrated in Fig. 6. Considering that laser
ablation can cause thermal damage effects on the surface of the workpiece, the total grinding depth
set during grinding needs to be deeper than the weaving depth produced by laser ablation. In the
experiment, the total grinding depth was set to 170 um. This is important for eliminating the
thermal damage layer.

Table 4 Experimental processing parameters for laser-assisted grinding.

Parameter Value

Machine tool CBN grinding wheel

Grinding coolant Water-based coolant (Type W20)
Wheel diameter d,, (mm) 200

Wheel speed v, (m/s) 30

Grain size (pum) 120

11



Depth of cut ap (um) 5,10, 15,20
Feed speed v, (m/min) 4

Cylindrical grinder

Fig. 6. Experimental setup of grinding experiment.

In the grinding process, the wheel speed is maintained at 30 m/s, while the grinding depth (ap)
serves as the variable grinding process parameter. Additionally, Using grinding of unstructured
workpieces as the control group, Table 4 provides a detailed overview of the grinding parameters
utilized in the experiment. Water-based coolant (Type W 20) is utilized during the grinding text to
achieve optimal processing results and minimize wheel wear. Upon completion of the experiments,
in order to obtain an accurate surface roughness, measurements were made using an OLS-5000

laser scanning confocal microscope.
3.2 Results and discussion

3.2.1 Grinding force

During the grinding process, the grinding depth is set to 5, 10, 15, and 20pm. Multiple
measurements of the grinding force were conducted using a dynamometer, and the average value
was taken as the grinding force corresponding to each respective grinding depth. When measuring
grinding forces, the axial force is not considered due to its relatively small impact and the
complexity of measurement.

The measurement results of the grinding force are shown in Fig. 7, where it can be observed
that the tangential force F; is much smaller than the normal force Fi,. This is due to the larger
negative rake angle of the grains on the grinding wheel, resulting in a greater normal force Fi [6].
As the grinding depth increases from Spum to 20um, both the normal grinding force and the
tangential grinding force increase significantly. Compared to the unstructured workpiece, the
tangential grinding force F: of the nacre-like structured workpiece is reduced by a maximum of

35.98%, and the normal grinding force F, is decreased by a maximum of 29.6%. For the
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fishbone-like structured workpiece, there is a reduction of 38.54% in the maximum tangential
grinding force F: and a reduction of 30.24% in the maximum normal grinding force Fn. This
phenomenon demonstrates that laser texture-assisted grinding can greatly reduce grinding forces.
This is because under specific laser parameter conditions, the surface of the nickel-based superalloy
GH4169 softens, making it easier to remove material from structured workpieces compared to
unstructured ones, thereby reducing grinding forces. Additionally, due to the presence of
biomimetic structures, the chip removal capacity of the workpiece is enhanced, reducing contact
between the grinding wheel and the abrasive chips. The fishbone-like structure exhibits a stronger
ability to reduce grinding forces, indicating better chip removal capability. Between the two bionic
structures, the upward trend in grinding force is slightly slower for the fishbone-like structure than
for the nacre-like structure. This could be attributed to the fishbone structure being more conducive
to the flow of grinding fluid, ensuring adequate presence of coolant in the grinding zone.
Consequently, this enhances the efficiency of heat removal generated during grinding. Additionally,
the fishbone-like structure facilitates reduced wheel wear. These factors contribute to the slower
growth trend of grinding forces associated with the fishbone structure. In terms of grinding force
reduction, the fishbone-like structure is optimal among the three types of workpieces.
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Fig. 7. Relationship between grinding forces and different structures with different depth of cut.
Grinding force ratio is used to mark the efficiency and quality of grinding processes, where a
higher grinding force ratio implies lower processing costs and higher production efficiency. As
shown in Fig. 8, as the increase in grinding depth, the grinding force ratio also increases. The
grinding force ratios for non-structured, nacre-like structure and fishbone-like structure workpieces
increase from 2.19 to 3.11, 2.32 to 3.42, and 2.38 to 3.53, respectively. It can be observed that the
grinding force ratio is higher for workpieces with a fishbone-like structure and workpieces with a

nacre-like structure than for workpieces without a structure.
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The tangential grinding force is influenced by the sharpness of the grains on the surface of the
grinding wheel [48]. As the abrasive grains slowly become blunt, the tangential grinding force
increases, leading to a rapid reduction in the grinding wheel durability. However, the structured
grinding force ratio is greater than that of non-structured workpieces, indicating a significant
reduction in grinding wheel wear. Additionally, the effectiveness of lubrication in the processing
zone can also be reflected by the grinding force ratio. The change in grinding force ratio of
structured workpieces is significant. This is mainly because structured workpieces can store
grinding fluid, enhancing the chip removal capacity and lubrication impact in the grinding zone.
Therefore, both the nacre-like structure and fishbone-like structure workpieces have a higher
grinding force ratio than unstructured workpieces. Among these three types of workpieces, the

lubrication and chip removal effects of the fishbone-like structure workpieces are the best.
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Fig. 8. Effects of different structures on the grinding force ratios with different depth of cut.

3.2.2 Specific grinding energy
In order to further explore the impact of laser ablation on the machinability of nickel-based
superalloy GH4169, the specific energy of grinding under different experimental conditions is

calculated using the following formula [6], and the results are obtained as shown in Fig. 9.

F¢XVg
VwXapxB

Ee= (2 )

In the formula, Vy represents the workpiece feed rate (m/s), a, signifies the grinding depth of
cut (um), B stands for the grinding width (mm), F} represents the tangential grinding force (N), and
Vs denotes the grinding wheel linear speed (m/s).

As shown in Fig. 9, as the grinding depth increases from Spum to 20pm, the grinding ratio tends

to decrease. This may be because with the increase in grinding depth, more grinding force is
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required to remove more material during the grinding process. This increases the consumption of
mechanical energy during grinding, while also increasing the friction between the grains and the
sample, resulting in more energy being converted into heat rather than actual grinding energy.
Compared with the grinding ratio of unstructured workpieces, under the same processing
parameters, the specific grinding energy of workpieces featuring a fishbone-like structure can be
decreased by as much as 62.71%. The grinding ratio of nacre-like structure workpieces can be
decreased by as much as 56.21%. When the grinding depth is 20um, the decrease in specific
grinding energy is more significant. This result indicates that laser-structured grinding can enhance
the processability of nickel-based superalloy GH4149 at larger depth of grinding.

It can also be seen in Fig. 9 that when the grinding depth is greater than 15um, the specific
energy of grinding for both structural workpieces maintains a decreasing trend, while the specific
energy of grinding for non-structural workpieces rises, which is due to the fact that when the
grinding depth is less than 15um, the smaller depth of grind means that a smaller chip volume is
produced and the chip formation and discharge processes are not significantly altered by the
laser-structured microstructure. Chip evacuation is not easily disturbed by the microstructure,
resulting in similar chip evacuation behaviour for both workpieces. At grinding depths greater than
15um, the grinding specific energy for both structured workpieces keeps a decreasing trend,
whereas the grinding specific energy for non-structured workpieces increases. This is because the
surface of structured workpieces has grooves, and these microstructures reduce the surface area of
actual contact during the grinding process, which reduces the friction and cutting force, and at the
same time, due to the reduction of the contact area, the cutting burden borne by each abrasive grain
is reduced, which leads to a reduction in the grinding force, and thus reduces the specific grinding
energy. Also structured workpieces provide more paths and space for grinding fluids and chips,
allowing chips to be discharged more easily. This reduces chip clogging and secondary cutting on
the grinding surface, reducing the energy required. For unstructured workpieces, during the
grinding process, the grinding wheel surface has a large contact area with the workpiece surface,
and each grit bears a greater cutting burden, resulting in an increase in the grinding force, which in
turn increases the grinding specific energy. At the same time, with the accumulation of time, the
abrasive chips in the grinding zone cannot be discharged in time, which increases the grinding heat

and leads to material softening and deformation, so that the grinding specific energy rises.
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Fig. 9. Specific grinding energy under different working conditions.

3.2.3 Surface roughness and surface topography

Fig. 10 illustrates the surface morphology of the workpiece following the grinding process. In
the surface morphology image, it can be observed that the ground surfaces obtained under different
processing parameters all exhibit pits and cavities. Additionally, scratches parallel to the grinding
direction are present on the workpiece surface after processing. At a grinding depth of 20 um, burn
marks appear on the surface of the unstructured workpiece, while the surface of the structured
workpiece remains free from burn marks. This indicates that the ordered structure of the structured
workpiece helps in the rapid transfer of heat from the grinding zone to the grinding fluid or the
surrounding environment, preventing the workpiece from overheating. In contrast, the abrasive
surface of the unstructured grinding lacks such an ordered structure, resulting in poor flow and
penetration of lubricating cooling fluid, leading to ineffective cooling and an inability to effectively
decrease the temp of the grinding zone, thus easily causing burn marks. Under the same processing
parameters, laser-structured grinding can enhance the surface quality of the material. This is
because structured grinding can uniformly contact the abrasive with the workpiece surface,
facilitating the uniform removal of material from the workpiece surface. Moreover, the structured
workpiece surface contains channels, allowing the nickel-based superalloy chips generated after
each grinding to enter the channels with the grinding fluid and then be discharged from the grinding
zone. In contrast, unstructured workpiece grinding may result in poor surface morphology due to
uneven abrasive contact, and the chips accumulated on the surface cannot be efficiently removed
from the grinding zone. The fishbone-like structure provides sufficient space for the grinding fluid

and chips, allowing chips and heat to be timely conducted out of the grinding zone.
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Between the two biomimetic structures, the fishbone-like structure has a greater improvement
in the surface performance of the workpiece. Under the combined effect of material softening
caused by laser ablation and the excellent chip capacity and lubrication performance provided by
the fishbone-like structure, the grinding surface quality is superior. Additionally, the reinforcement
mechanisms of the fishbone-like and nacre-like structures are analyzed through Fig. 11. For
conventional structures, the peeling force applied on the sidewalls of the grooves during grinding
can cause stress concentration on the workpiece surface, leading to cracks or fatigue damage at the
bottom of the grooves, reducing the strength and durability of the material. For nacre-like structures,
their multilayer structure can endow the workpiece with higher toughness and impact resistance
because external impacts are dispersed across multiple layers, relieving the pressure faced by
individual layers. The arrangement of the fishbone-like structure is evenly distributed, allowing
stress to be evenly dispersed and transferred to the surrounding tissue, thereby enhancing overall
strength and stiffness. The fishbone-like structure reduces the tensile force perpendicular to the
grinding direction (denoted as Fj; in Fig. 11) compared to the tensile force matching to the groove
structure (denoted as Fy> in Fig. 11). It can be inferred that the fishbone-like structure has the
greatest improvement on the workpiece surface, as its unique structure can reduce the tensile force

perpendicular to the grinding direction, thereby minimizing surface damage.
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The surface roughness of the workpiece is shown in Fig. 12. The Nickel-based superalloy
GH4169 samples are cleaned with an ultrasonic cleaner to remove impurities. Using the seven-point
sampling method, seven points on the workpiece surface were measured for roughness Ra., and
calculate the mean as the result of this experiment. Fig. 12 shows the impact of different grinding
depths on the surface roughness values. It can be observed that the surface roughness of workpieces
also increased with the increase in grinding depth. In unstructured workpieces, the surface
roughness R, increased from 0.458 to 0.621um, an increase of 35.59%. The surface roughness of
nacre-like structured workpieces increased from 0.409 to 0.525 pm, an increase of 28.36%. The
surface roughness of fishbone-like structured workpieces increased from 0.395 to 0.501um, an
increase of 26.84%. During the grinding process, the surface roughness shows an increasing trend
with the increase of grinding depth, and accordingly, the surface integrity shows a significant
deterioration in Fig.10. And the surface roughness of all structured workpieces is less than that of
non-structured workpieces, and it can also be seen in Fig. 10 that the surface degradation of
structured workpieces is lower than that of unstructured workpieces. Based on these results, the
fishbone structure is more conducive to improving the surface smoothness of the workpiece. It also

demonstrates that symmetric flow-through structures have better effects on improving the surface
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Fig. 12. Effects of different structures on the surface roughness for different depths of cut.

3.3 Corrosion testing
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The nickel-based superalloy GH4169 is commonly used in critical components such as aero
engines, gas turbines, and nuclear reactors, where material reliability is of utmost importance, as
corrosion failure can lead to catastrophic consequences. However, grinding processes affect the
surface roughness and stress distribution of the material, significantly impacting its corrosion
resistance. Additionally, grinding can introduce surface microcracks or heat-affected zones, which
may further degrade the material's corrosion resistance. Therefore, to further assess surface and
subsurface damage, detect microcracks and defects, and verify the impact of various bionic
structures on the corrosion resistance of workpiece after grinding, this study conducted
electrochemical corrosion tests. The tests are processed in the NaCl solution, with a mass fraction of
3.5%. Before conducting the corrosion testing, the exposed surfaces of the testing specimens are
coated with epoxy resin, and a wire is attached to the opposite surface of the test area, then the
surface of the workpiece was then cleaned sequentially using ethanol and deionised water. The
experiments were carried out using a platinum working electrode and a saturated calomel electrode
(SCE) at a test temperature of 25°C. The workpieces after grinding were placed under open circuit
potential (OCP) and the electrode potential was scanned at a rate of 2 mV/s. By applying a voltage
as well as a current to the experimental circuit, the corresponding AC impedance spectra and
electrode polarisation curves could be obtained [49-51]. The measurements were repeated three
times under the same corrosion conditions for each grinding condition to ensure accuracy and to
evaluate the corrosion characteristics.

The pitting potential, obtained from the polarization curves, serves as a crucial indicator of
corrosion resistance, reflecting the lowest potential capable of initiating pitting corrosion on a
passivated metal surface [50]. Pitting corrosion arises when localized regions of a metal surface
undergo corrosion, resulting in the formation of holes that extend from the surface to the interior.
The hydrolysis of metal ions within these pits, triggered by aggressive ions such as Cl, leads to a
decrease in the pH of the solution, effectively initiating an autocatalytic acidification process. The
pitting formation process encompasses several stages, including the nucleation of metastable pits,
repassivation, and further development into stable pits. The electrode polarization curves of
different structured GH4169 workpieces are shown in Fig. 13. As for the self-electrical potential,
Ecorr is -0.19V for unstructured workpieces, -0.163V for nacre-like structured workpieces, and
-0.15V for fishbone-like structured workpieces, the self-corrosion potential of the structured
workpieces is higher than that of the non-structured workpieces, which indicates that the surface of
the ground structured workpieces is less susceptible to redox reactions in NaCl solution under the
same grinding parameters, and the corrosion resistance is increased compared to the non-structured

workpieces. And compared to the two types of structured workpieces, the fishbone-like structure
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surface after grinding has higher self-corrosion potential and better corrosion resistance than the
nacre-like structure. This is because the structured workpiece has a small contact area with the
grinding wheel; the number of abrasive grains in contact is reduced compared to the unstructured
workpiece, the pitting potential decreases linearly with the increase in the number of abrasive grains.
The surface roughness of the fishbone-like structure surface after grinding is lower, and the surface
roughness is related to the corrosion protection of the workpiece , the higher the surface smoothness,
the better the corrosion protection. The AC impedance spectroscopy of the GH4169 superalloy
surface after grinding is illustrated in Fig. 14. The Nyquist spectra observed for the three samples
exhibit similar shapes, suggesting a consistent corrosion mechanism across the samples. Within the
scanning frequency range depicted in Fig. 14, only capacitive reactance arcs are observed, with no
presence of inductive reactance arcs, indicating a diffusion transmission process. Typically, larger
arc radii observed in Nyquist plots signify superior corrosion protection of the material in the
solution. Therefore, the corrosion protection of structured workpiece grinding surfaces is better than
that of non-structured workpiece grinding surfaces and the corrosion resistance of fishbone-like

structure grinding surfaces is superior to the nacre-like structure, in 3.5 wt. % NaCl solution.
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Fig. 13. Polarization curves of different structured GH4169 workpieces after grinding.
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Fig. 14. Electrochemical impedance spectra of differently structured GH4169 workpieces after grinding.

4. Conclusion

This paper explores the feasibility of using pulsed laser structured workpiece grinding method
for processing nickel-based superalloy GH4169. By adjusting the laser parameters, a clear bionic
structure is obtained on the surface of the workpiece, and the hardness of the material is also
reduced. The grinding forces and grinding force ratios of structured and unstructured workpieces
are compared, and the grinding surface morphology of different structured workpieces is
investigated, as well as the corrosion behavior of the grinding surfaces. The main conclusions in the
paper are:

1. Under certain laser parameters, the surface of the laser-irradiated workpiece material
becomes softer and its hardness decreases, which makes the material easier to remove and thus
reduces the energy loss in the grinding process.

2. Compared with the non-structured workpiece, the grinding force of both fishbone-like
structure and nacre-like structure workpieces are reduced. The maximum tangential grinding force
is lowered by 38.54% and 35.98%, and the maximum normal grinding force is lowered by 30.24%
and 29.6%, respectively. In addition, the grinding force ratio of the fishbone-like structure
workpiece is larger than that of the other two workpieces, indicating that the fishbone-like structure
has a better lubrication effect. The results of the grinding force ratios show that the fishbone
structure effectively reduces grinding wheel wear.

3. The roughness of the two structured workpieces changes significantly contrasted with the
non-structured workpieces. The roughness of the fishbone-like structure is reduced by 23.95%, and

the roughness of the nacre-like structure is reduced by 21.7%. At the same time, the cracks are
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significantly reduced, and the surface quality of the workpieces improves significantly. This
indicates that the fishbone-like structure, as a whole structure, improves the flow of coolant in the
grinding zone.

4. Compared with unstructured workpieces, the corrosion resistance of the surfaces after
grinding of both structured workpieces is improved, and the corrosion resistance of the
fishbone-like structured workpieces is better, which indicates that the structured workpieces reduce
the expansion of microcracks on the surfaces during the grinding process, and the crack expansion

force is reduced, which improves the quality of the workpieces.
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