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ARTICLE INFO ABSTRACT

Keywords: The need for the precise dressing of diamond abrasive tools by laser has been highly emphasised but determining
Modelling controllable material removal strategies for precise laser processing remains challenging due to the complex
CO, Laser

interaction between the composite abrasive materials and the laser beam. To fill this gap, an innovative simu-
lation model pertaining to the laser ablation process has been devised to study the temporal evolution of the
temperature field distribution within the ablation zone during processing, alongside monitoring the alterations in
ablation depth along the feed direction. The laser spot focus size and the cross-section laser energy intensity
distribution along the beam propagation direction, as well as the dynamic, unsteady-state heat conduction and
convection, are considered in this model. Based on the simulation results, the ablation law regarding temperature
field distribution and ablation depth variation with laser power and feed rate is revealed. It is shown that the
laser power has a limited impact on the shape of temperature field distribution, but the core temperature of the
heat-affected zone increases with laser power. The feed rate affects mainly the distribution range of the heat-
affected zone and the range shrinks with the feed rate. It is revealed that a higher laser power with a
matched higher feed rate is highly expected to optimise the ablation. Finally, the simulation results are exper-
imentally validated and reasonable agreements are obtained. The work provides numerical and experimental
evidence to evaluate the time-dependent temperature distribution during the laser ablation process.

Diamond grinding wheels
Temperature field distribution

1. Introduction Among the experimental research, Walter et al. [8] emphasised the

unique advantages of thermal methods, including the high possibility of

Diamond abrasive tools with resin bond agency have been widely
used in industrial applications because of their superior performance in
wear-resistance [1], elasticity [2], and thermal conductivity [3], espe-
cially in developed countries. However, the dressing strategies for dia-
mond abrasive tools are still lacking as the super-hard abrasives and the
fragile impact resistance make it hard to dress them in an efficient and
low-cost way [4]. Laser processing is a promising technology, but it
remains challenging to remove the target materials in a controllable way
for the wide range of failure temperatures of the tools’ ingredients [5].
Previously, various work has been done using laser processing tech-
nology and significant progress has been made, including experimental
[6] and simulation [7] work.

* Corresponding authors.

fabricating macro, meso, and micro simple/complex structures. Rabiey
[9] made blind holes on a CBN grinding wheel surface using an Nd: YAG
laser to reduce the contact area between the grinding wheel and the
workpiece: roughly 5 mm ablation depth and a 500 pm spot diameter
were obtained. Zhang et al. [10] studied the evolution of micro/nano-
structural arrays on crystalline silicon carbide, finding the irradiated
surface evolves from a near-damage-free zone to one with a recast layer
and thermal-induced micro-cracks. Cai et al. [11] carried out experi-
ments with a femtosecond laser (where the power employed is at a
hundred mW level) and demonstrated that the diamond ablation depth
changes law with laser power and processing time. Li et al. [12] inves-
tigated the ablation law of a continuous CO; laser and based on their
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derived law, generated complex textures on diamond resin bond
grinding wheels, with a minimum of about 800 pm width and 250 pym
depth slots. Similarly, Xie et al. [13] studied the effect of the line overlap
rate of a COz laser beam on the ablated bottom shape, producing non-flat
surfaces on the grinding wheels. Rushworth et al. [14] explored the
ablation law of a 2000 W fibre laser and established a predictive model
for generating the precise profiled grinding wheel. Another avenue for
thermal texturing of abrasive tools can be a series of studies performed
by Butler-Smith et al. [15] where the pulse laser was used to ablate
thick-film CVD diamond so that preferential micro-grinding arrays in
rectangular, triangular, and hexagonal shapes could be generated.

In terms of the simulation works, Parthiban et al. [16] used the
response surface method to model the CO; laser-cutting process. They
showed that the finished product quality mainly depends on the input
parameters such as laser beam power, cutting speed and assist gas
pressure. Thanks to the least complex of these empirical models, a
convenient prediction result can be easily achieved with the proper
design of the experiment. Therefore, many essential works have been
done based on this model to study the key machining factors affecting
the experimental results despite the imperfect empirical model. Despite
the usefulness of the model, it lacks an understanding of the machining
process from the scientific level. Therefore, few works regarding the
laser ablation process have been published based on the empirical
model.

However, the most popular research works were conducted using
numerical methods, including titanium-matrix composites [17] and
Vivo bio-tissues [18]. Orimi et al. [19] used the COMSOL software to
build a model considering laser parameters like laser power, sampling
rate, and optomechanical parameters to predict the machined path’s
roughness, depth, and thickness. The simulation results are in good
agreement with experimental outcomes, which can be used to estimate
the effect of the process parameters before the machining. Ma et al. [20]
proposed a Finite Element Analysis (FEA) simulation model for the
Pulsed Laser Ablation (PLA) in mechanical processing. This model
accurately described the energy distribution on component surfaces,
which was crucial for further study of the ablation topography. By
considering the energy distribution of the laser beam model and element
birth and death technique, Moradi et al. [21] developed a numerical
simulation of the CO5 laser cutting process of polycarbonate sheets by a
finite element method. The results show the effectiveness of the model
when the death of the element was used. Otto and Schmidt [22] pre-
sented a new but still quite universal numerical simulation model for
laser material processing. Simulation results on several processes like
laser beam deep penetration welding, drilling or cutting were presented.
Finally, an outlook on planned further developments was given, and
possible model applications were discussed. Notably, the numerical
model was the most used in the study, and significant progress has been
made thanks to the many reliable commercial application software that
have been developed to make it friendly to use. With the application of
the model, the micro-behaviours within the laser-material interaction
area can be observed and studied. Nevertheless, it required a lot of
processing power, and the accuracy and floatability were relatively large
based on the conditions such as the modelling level of the researcher and
the treatment of the boundary conditions and load cases.

There was also research that explored the analytical methods for
laser ablation modelling. An analytical model was built with a number of
simplifications and assumptions. It was a function based on the theo-
retical relationship calculated by analysing the physical mechanism and
establishing the appropriate physical model of the object. Criales et al.
[23] investigated the effects of varying process parameters on the ab-
lated topographies and the resultant microchannel dimensional quality
in the polymethyl methacrylate by analytical modelling and experiment.
Cha and Axinte [7] developed a transient thermal model of nanosecond
pulsed laser ablation to study the effect of heat accumulation during the
processing of semi-transparent ceramics. Two most relevant research
works regarding non-metallic inhomogeneous materials analytical
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modelling have also been found. Peligrad et al. [24] built an analytical
model for the CO, laser glazing of inhomogeneous workpieces (clay
tiles) based on parabolic melt pool geometry. The theoretical results
showed a close correlation with the experimental when the parameter
P/ V/dv was less than 15 W/mm/s. Salim et al. [25] further developed
the analytical model by combining the empirical element with the model
and carried out experiments on concrete surface ablation with a
continuous COy laser. As a result, the new model showed a high
agreement (96 %) with the experiments. Although the results of the
improved model were pleasing for non-metallic inhomogeneous mate-
rials, they were validated under limited conditions that included a
maximum laser power of 65 W and an ablation depth of 1.6 mm.
Meanwhile, due to the idealised assumptions of the model, it could not
be generally applied.

Based on the understanding of the previous research, they showed
great work had been done by experiments to explore the dressing
technologies for various grinding wheels and significant progress had
been made. However, these experimental works usually determined the
proper processing parameters using trial and error, which was ineffi-
cient and costly. Meanwhile, it was hard to understand the real-time
laser ablation process and to make the ablation results predictable.
Notably, these defects could be well solved by the simulation method.
Nevertheless, although much simulation work regarding laser ablation
processes had been done, from empirical models, via numerical models,
to analytical models, no simulation models studied the time-dependent
temperature field distribution in the ablation zone, especially no
research studied the laser processing on resin-bond diamond grinding
wheel featuring ingredients with multiple and varied failure
temperatures.

To address this gap, a model was developed firstly to account for the
energy distribution of the beam spot along the laser beam propagation
direction as well as the laser energy transferred to the ambient atmo-
sphere in different scenarios. Secondly, the time-dependent temperature
field distribution in the ablation zone was analysed and the changes in
the ablation depth with processing parameters were investigated.
Finally, experimental and simulated results were compared, and optimal
processing strategies were recommended. These findings make a valu-
able contribution to the existing body of research in this field.

2. Modelling process
2.1. Model description

In the ablation process, a laser beam with intensive energy radiated
on a grinding wheel’s surface and moved along with the wheel rotation
(see Fig. 1a). The target materials absorbed the energy, deteriorated, and
formed a slot. As a result, the following factors should be included in the
modelling:

The laser intensity accorded with an axisymmetric super-Gaussian
model [26]. Therefore, the laser beam energy distribution exerted a
significant influence on the calculation, which finally affected the pre-
diction of the temperature field (here especially represents the area
suffered from temperature rising caused by laser irradiation) distribu-
tion. In line with the facilities employed in this study, the laser beam
intensity followed the axisymmetric super-Gaussian distribution model
with flat-top function located in the beam waist (as shown in Fig. 1b & ¢
A-A) and evolved into a standard Gaussian function along with the beam
propagation (as shown in Fig. 1b & ¢ B-B and C-C). Besides, after the
laser beam penetrated the workpiece surface, the intensity attenuated
due to the materials absorbing energy and reflecting some of the energy
to the surroundings.

The relationship between the laser processing parameters and the
output temperature field should be considered because a control strat-
egy of selecting the processing parameters was feasible to control the
heat-affected zone online for industrial applications. Among these
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Fig. 1. Ablation process description. (a) Left view and (b) front view of the grinding wheel; (c) top view of the sample; (d) lateral section and (e) cross-section of the

slot on the sample.

processing parameters, feed rate and laser power were the two most
important and convenient factors to be controlled online by an elec-
tromechanical system.

This model was generally based on discretising the entire domain
into cubic unit cells. The calculation domain (see Fig. 1a View A) con-
tains the initial relative position information of the laser beam and the
workpiece block with dimensions. For each slice (see Fig. 1d), the laser
beam radiates through the target materials and brings heat to the heat-
affected zone. At the surface of the substrate, the heat was conducted to
the ambient atmosphere through heat convection and radiation. More-
over, at the inner of the substrate, the energy was conducted to the
around substrate by conduction and finally to the surrounding
ambience.

With the principle above, (i) the isotherm for the temperature field
distribution dominated by laser energy was calculated first to reveal the
approximate region of the heating zone, and (ii) the ablation depth (the
position of the lowest temperature point which could cause the failure of
the materials for each time step) is calculated.

2.1.1. Isotherm for temperature field distribution calculation

The temperature field was solved to predict the shape of the ablated
area. To calculate the entire temperature field in the workpiece block,
the computing domain was separated into finite small cubic cells with an
edge length of Ad. Each position of the cell was defined as (x, y, 2) in the
global coordinate system (see Fig. 1e) and had a changing temperature
as it absorbed the laser energy and transferred the energy to adjacent
cells or the atmosphere.

The cell temperature can be expressed as Eq. (1) when being irra-
diated by a laser beam.
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where Ty, ;. is the spatial transient temperature, p is the material den-
sity, CI7 is the modified specific heat capacity of the composite, and Q; is
the laser energy input. All properties of the composite are hypothesised
constant.

The temperature computed through Eq. (1) can be refined by
including heat conduction behaviours, containing (i) heat conduction
through higher temperature to low per unit time At as described in Eq.
(2) [27]

oT"

XY.2 At

o

Gy

k (62 Txy,z.t 62 Tx.y‘z,t + 62 Tx.y,z.t) (2)

*x P’y 0’z

where k is the conductivity, and K’;‘zﬁt +a¢ is the temperatures of the
interior cubic cells, and (ii) the convection and radiation transfer from
the workpiece surface to the environment can be expressed as Eq. (3)
[28]
hy (T:fy,z.HAt - TM) = - k(VTX\)’M'ﬁ) 3
where VTy, ., is the temperature gradient of the boundary cell and
interior cell, 7" is the normal vector of the surface, h, is the combined
convection and radiation coefficient, Ty, , ., », is the boundary temper-
ature of the cell, and T, is the environmental temperature.

It is worth mentioning that the solutions of heat transfer in Eqgs. (2)—
(3) involve a numerical finite difference method is proposed by Holman.

Eq. (2) depicts conduction inside the material (see red cells in Fig. 2)
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Fig. 2. Diagram of the different cases in the heat transfer solution [31].
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Eq. (3) describes convection and radiation between boundary cells
and the environment, which can be solved based on the three different
cases related to the number of faces exposed to the external
environment:

In Case (i), where exactly one cell face is adjacent to the environment
in either x, y, or z direction (see the light red cells in Fig. 2), Eq. (3) can
be numerically solved by Eq. (5) [27]

2h,Ad
k

kAt
T =
Xz t+At [)C,,(Ad)z

(Teo - Tx.y,z.t) + 2Tx—Ad.y.z.t + Tx.y—Ad,z.t
()
+ Tx.y+Ad.z,t + Tx.y,z—Ad,t + Tx.}/,z+Ad,t - 6Txy,z,t ) + Txy,z,t

In Case (ii), where exactly two cell faces are adjacent to the envi-
ronment in either combination of the direction (see the yellow cells in
Fig. 2), Eq. (3) can be numerically solved by Eq. (6) [27]

2kAt (2hnAd

XY ZtrAt = pCp(Td)z

k (Teo - Tx.y,z.t) + Tx—Ad.y,zm + Tx‘y—Ad,z‘t
(6)

+ Tx.y,z—Ad,t + Tx.y,z+Ad,t - 4Txy,z,t ) + Txy,z,t

In Case (iii), where three faces are adjacent to the environment (see
the light blue cells in Fig. 2, Eq. (3) can be numerically solved by Eq. (7)
[27]

_ 2kAt
XYz t+At T pC/,(Ad)z

2h,Ad
( 2 (Teo - Tx.y,z,t) + Tx—Ad.y,z‘t + Tx‘y—Ad,z‘t

k
)

+ Tx.y,z—Ad,t - 3Tx.y‘z,t ) + Tx,y,z‘t

The laser energy Q; in Eq. (1) is computed by the definition of laser
energy absorbed by the workpiece in a specific area and time as
expressed in Eq. (8) [29]

Q = p(Ad)* Ayl (8)

1474

where f is the absorptivity of material, At is the time step for computing,
n is the attenuation function, and / is the laser intensity. The processing
parameters affects the energy absorption by the way (i) the feed rate
determined the dwell time causing heat accumulated and (ii) the laser
power determined the laser intensity varying the energy in unit area and
time.

The attenuation function 5 depict the remaining laser intensity 7 after
being absorbed by the workpiece along the penetrating direction and
can be expressed as Eq. (9) [30]

n = exp|—Cap(h—2)] 9
where h is the height of the substrate, Cg, is the absorption coefficient.

The laser intensity / in Eq. (8) obeyed the super-Gaussian distribu-
tion that can be expressed by Eq. (10) [26]

1/n _ 2
2 nPeXp[_2<(x x)? +

Sl A=)
ar?l (%) r

where P is the laser power, r is the radius of the laser beam, n is the
super-Gaussian order, and I” is the Gamma function. Based on the above,
the temperature in each cell can be solved by the heating effect of Eq. (1)
and heat transfer of Egs. (2) and (3).

I = (10)

2.1.2. Ablation depth calculation

As most of the previous studies have investigated the ablation depth
by the empirical model, in this study, the ablation depth is calculated
from the analytical solution, which can be written as Eqs. (11)-(13).

Tyzerae = Teyzeiae (X = Xo + Xt) [€RD)
Tz,t+At = Ty,z.t+At(,y = 0) (12)
Zdepth = — Prin (Tz.t+At > TF) Ad 13)

where Ty, is the temperature distribution in the y-z section at the
time, T 4: is temperature distribution along the centre line of the y-z
section. Z4een is the maximum depth of the material failure layer, Tr is
the material failure temperature, and Pp,;, is the minimum position for
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the temperature on the centre line of the y-z section over the failure
temperature.

The laser beam parameters used here are from a continuous-wave
carbon dioxide generator (LE900, Hongfan Tech. Company) with a
maximum power of 60 W, a wavelength of 10.6 um, and a circular focus
with a diameter of 0.3 mm, and a focal length of 12.5 mm.

2.2. Material properties

A standard commercial resin bond diamond grinding wheel
(D125N75B771/8, 3M Company, see more details in Table 1) was
employed in this study for its wide applications, good self-sharpening
ability and low risk of grinding burn.

As the grinding wheel is a multi-material-based tool, to study the
overall properties of the grinding wheel materials, each of the main
ingredients is investigated first, including the exact content and prop-
erties. As shown in Fig. 3(a), the main ingredients for this kind of wheel
include grits, resin bond, and pores. However, pores are not practically
achievable for the resin bond grinding wheel, and additives often
instead of pores are added to the bond [32]. The other two or more
ingredients’ contents usually remain confidential for commercial
purposes.

To determine the exact ingredient contents of the grinding wheel,
Energy Dispersive Spectrometer (EDS) (174C CZ, ZEISS Company)
detecting technology was employed (see Fig. 3b). The results revealed
the weight and volume percentage of each content of the grinding
wheel. It indicated that the main additive was copper, which accounts
for 16.19 % + 2 % of the whole material in weight percentage (see
Fig. 3c¢) and around 3.83 % in volume percentage (see Fig. 3d).

According to ingredients, the samples were well prepared and tested
by the HyperFlash (LFA 467, NETZSCH) in the Ningbo Institute of Ma-
terials Technology & Engineering, CAS. The details of the material
properties of the employed diamond grinding wheel are shown in
Table 2.

2.3. Flowchart

The flowchart concluding the modelling steps for the full calculation
is presented in Fig. 4. All the equations mentioned above were trans-
ferred into codes in MATLAB. The input parameters include laser power
and feed rate, while the output results include temperature field distri-
bution and ablation depth. Eq. (10) was first used to calculate the laser
intensity, and then Egs. (8) & (9) were employed to compute the energy
absorbed by the workpiece, the temperature field distribution and
ablation depth can finally be solved by Eq. (1)-(3) and Eq. (11)-(13).

The time step for the stability of this calculation is governed by the
Biot and Fourier number in the following way for problems in a nu-
merical format [27]:

h,Ad
B = "k a4
kAt
Fo=—— 15)
pC,(Ad)
where the stability requirement for the interior node is F, < ‘lv for the

convection boundary node is F,(2 + B;) < 4, and for the exterior corner

Table 1
The details of the used diamond abrasive grinding wheels in the simulation.
Shape  Size Abrasive Grit Hardness  Concentration Bond
(mm) type no. (vol%)
#)
Plate P125 x Diamond 120 N 75 Resin
D32 x
20
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with a convection boundary is F,(1 + B;) < 1.

As can be seen, At and Ad are the only two changeable parameters in
the function that decided the two stability factors. Values for Ad (0.01
mm) are firstly selected according to the measurement precision that the
experimental setup is able to achieve. By fixing the cells’ edge length Ad,
the basic time step At requirement for simulation stability can be
calculated. To further improve the simulation precision and understand
the details in the process, the time step was reduced until it had little
effect on the simulation results. From this process, a time step of 10™*s
was finally selected.

3. Simulation results and analysis
3.1. Temperature field response with time

Fig. 5 shows the cross-sectional view of the temperature field
response with time (within the first 2 s) during the laser ablation process
under laser power of 24 W and a feed rate of 3.0 mm/s. Specifically,
Fig. 5(a) shows the transient temperature distribution along the cross-
section of the slot for times of 0's, 0.5, 1.0 s, 1.5 s and 2.0 s. It indi-
cated that the most significant temperature field changes happened in
the first 0.5 s, while it remained nearly unchanged for the time from 1.0 s
to 2.0 s.

As the most significant temperature field changes happened in the
first 0.5 s, smaller time intervals were used to present the simulation
results. Fig. 5(b) and (c) show the temperature distribution along the
cross-section for the time from 0.01 s to 0.1 s, with an interval of 0.01 s.
It revealed that the temperature field extended in both directions within
a short time. However, the temperature gradient of isotherms in width
direction is much denser than depth direction, which indicated the
temperature spreads faster along depth direction. Probably, it was
because of the directivity of a laser beam that made heat flow largely
along the laser beam propagation direction. While the time period was
tiny, little heat was absorbed by the workpiece and transferred within
the ablation zone.

Given that the trend of the temperature field is stabilising during the
time from 0.01 s to 0.1 s, a slightly larger time interval of 0.1 s is
employed to present the results from the time at 0.1 s to 1.0 s, as shown
in Fig. 5(d) and (e). As more heat flows into the ablation zone with time,
it showed that the temperature field started to expand in both the width
and depth directions during the time from 0.1 s to 0.5 s, as shown in
Fig. 5(d). However, it is worth noting that the temperature field stopped
extending along the depth direction and mainly extended along the
width direction for the time from 0.6 s to 1.0 s, as shown in Fig. 5(e).
Three reasons might account for this phenomenon: (i) the laser beam
energy cannot flow deeper with the laser defocusing effect and the ab-
sorption of energy by surrounding materials, (ii) the moving of the laser
beam makes the energy flow into different positions of the workpiece,
and (iii) the heat balance in the ablation zone makes the processing enter
a stable processing stage.

3.1.1. Temperature field response to ablation parameters

As demonstrated, the temperature field remains nearly unchanged
after 1.0 s (as shown in Fig. 5), the following section considers the
simulation at 2.0 s as the stable stage. The simulation results of tem-
perature field distribution for lateral section and cross-section under the
feed rates of 3.0 mm/s, 4.0 mm/s, 5.0 mm/s, and 6.0 mm/s with
different laser powers (from 24 W to 60 W with an interval of 24 W) are
shown in Fig. 6. The temperature field variation with feed rate under a
specific laser power was recorded in each sub-chart. Overall, it showed
that the shapes of the temperature field distribution were unchanged
under a specific feed rate, but the core temperature of the temperature
field increased with the laser power.

Fig. 6(a & b) shows the temperature fields change with feed rate
under the laser power of 24 W. They indicated the lateral sections of the
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Table 2

Material properties.
Properties (symbol) Value Units
Absorptivity (Ap) 0.85 N/A
Latent heat of fusion (Ly) 260 kJ/g
Material failure temperature (Ty) 650 K
Specific heat capacity (c) 0.839 J/(g'K)
Density (p) 2.783 g/cm®
Thermal conductivity rate (1) 3.717 W/(m-K)
Thermal diffusivity (@) 1.592 mm?/s

Start (t=0)
Input parameters

Calculate laser intensity

Equation (4.10) .

Laser power

Calculate energy absorption

Equation (4.8) - (4.9)
v

Feed rate

Calculate temperature field
Equation (4.1) - (4.3)

Calculate ablation depth
Equation (4.11) - (4.13)
v

No { Output results
" Timeisup ?
X(=Xo +V*d} Temperature field
y Yes i
END Ablation depth

Fig. 4. Flowchart for the theoretical model, solving the temperature field dis-
tribution and ablation depth estimation by inputting processing parameters of
laser power and feed rate.
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temperature field boundaries were increased with the feed rate, while
the cross-sections of them were reduced. In addition, the core temper-
atures for the temperature field dropped slightly with the feed rate. This
phenomenon was because less heat flowed in the core with increasing
feed rate, and the influent heat had limited time to spread around. The
other sub-diagrams (as shown in Fig. 6) showed a similar trend, but the
higher core temperature field kept increasing as the laser power
increased. Compared to the results from the laser power of 24 W, the
highest core temperature was raised from 900 K to 1500 K. There was no
doubt that more heat would flow into the ablation zone when the laser
power increased, resulting in the temperature increase in the ablation
zone.

It is worth noting that, although the core temperature of the heat-
affected cross-section kept increasing with the laser power, the tem-
perature field widths were not dramatically increased (e.g., all the cross-
section widths tend to be 3.90 mm under 3 mm/s with laser powers from
24 W to 60 W). Besides, it showed a clear drop in the width of the
temperature field with the increase in feed rate (e.g., the cross-section
width dropped from 3.90 mm to 2.35 mm when the feed rate
increased from 3 mm/s to 6 mm/s under the laser power 24 W). This
phenomenon indicated that the increased laser power would not
dramatically broaden the heat-affected zone, but the rising feed rate
would clearly narrow the heat-affected site. Meanwhile, the expanded
temperature field distribution along the lateral section with feed rate
indicated the ablation efficiency could be improved by the increased
feed rate.

When comparing the simulation results from Fig. 6(b, d, f, h), it
revealed that the shapes of the temperature field distribution under
different laser powers were almost the same. However, differently, the
core temperature increased with the laser power, rising from around
800 K at 24 W to about 1500 K at 60 W. In all, the presented figures
showed that the increased feed rates would decrease the heat-affected
zone. These phenomena may largely be due to the increased heat
source passing speed leaving little time for the heat to flow around.
Meanwhile, a good match of the feed rate and the increased laser power
would not largely affect the heat-affected area, but it would be beneficial
to material removal. The fierce laser power could induce the target
material removal in no time and a proper feed rate could make the heat
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Fig. 5. Temperature field responses to time during laser ablation under the laser power of 24 W and feed rate of 3 mm/s. The transient temperature field of the slot
cross section for (a) the time at0s, 0.55s,1.0s, 1.5 s and 2.0 s, (b) the time at 0.01 s, 0.02 s, 0.03 s, 0.04 s and 0.05 s, (c) the time at 0.06 s, 0.07 s, 0.08 s, 0.09 s and

0.1 s, (d) the time at 0.1 s, 0.2 s, 0.3 s, 0.4 s and 0.5 s, and (e) the time at 0.6 s, 0.7 s, 0.8 s, 0.9 s and 1.0 s.

source move to the new area quickly before there’s a huge influx of heat.

In conclusion, the results showed that the shapes of the temperature
field distributions for a specific feed rate do not change significantly.
However, the core temperature for the temperature field increased with
the laser power. Besides, as the temperature field distribution for a
specific feed rate do not change significantly, the increased laser power
would not significantly enlarge the heat-affected zone. Therefore, the
results indicated that a higher processing efficiency could be achieved
by increasing the laser power.

3.1.2. Ablation depth responses to ablation parameters

Although it was reported that the actual working temperature of the
resin-bonded diamond grinding wheel should not exceed 533 K [33], or
it would be damaged, we found from our previous studies that the
damage to the grinding wheel was a gradual process because of the
natural characteristics of organic materials [12]. The actual temperature
that could lead to obvious damage to the grinding wheel in a short time
via the CO, laser was above 650 K [12]. Therefore, 650 K was set as the
threshold for the laser ablation depth simulation. Based on this crucial
temperature, the simulation results of ablated depths, areas and fluc-
tuations under the feed rate of 3.0 mm/s, 4.0 mm/s, 5.0 mm/s, and 6.0
mm/s with laser power from 24 W to 60 W with an interval of 12 W are
presented in Fig. 7.

Generally, it showed the ablation depth decreased with the feed rate
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and increased with the laser power. Specifically, the minimum ablation
depth of the figure was —0.83 mm at 24 W with a feed rate of 6.0 mm/s
while the maximum ablation depth reached —2.33 mm at 60 W with a
feed rate of 3.0 mm/s. The ablation depth dropped by 0.29 mm as the
feed rate doubled (from —1.12 mm at 3.0 mm/s to —0.83 mm at 6.0
mm/s) when the laser power was 24 W (see Fig. 7a). With the laser
power increasing, this figure kept rising from 0.32 mm at 36 W (see
Fig. 7b), via 0.35 mm at 48 W (see Fig. 7c), to 0.41 mm at 60 W (see
Fig. 7d). These data indicated that the effect of feed rate on ablation
depth increased when the power was higher. This may be attributed to
the high laser power providing more energy to the ablation zone, while
the variation of feed rate caused the energy to interact with the ablation
zone more violently.

To be more clearly, Fig. 8 shows the feed rates effect on the simu-
lation results under various of laser powers. It showed that apart from
the reduced ablation depth as the feed rate increased (see Fig. 8a), the
most noticeable change was that the ablation depth tended to be early to
enter the stable stage (see Fig. 8b). It can be noted that the fluctuations
stopped within 0.6 s on average when the ablation processes were
started. Nevertheless, the fluctuation can be suppressed within 0.2 s
when the feed rate was 6.0 mm/s at laser powers from 24 W to 60 W.
This may be because a fast-feeding laser spot made the laser power
transfer less heat to the ablation zone, and the material removal due to
thermal shock was more dominant than thermal build-up.
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Fig. 6. Simulation results of temperature field distribution response to feed rates from 3.0 to 6.0 mm/s with an interval of 1.0 mm/s under the laser power from 24 to
60 W with an interval of 12 W. (a), (c), (e) and (g) are the lateral section view (from x-z plane) and (b), (d), (f) and (h) are the cross-section view (from y-z plane) for

the laser power of 24 W, 36 W, 48 W and 60 W, respectively.

More interestingly, the figures showed that the ablation depth
decreased with the increased feed rate for specific laser power, but the
decline rates relative to the ablation depth were tiny (maximum 0.41
mm relative to the depth range 1.92 mm - 2.33 mm, see Fig. 7d). As a
result, the ablated lateral areas (the laser moved distance multiplied by
the ablation depth) were increased with the feed rate (see Fig. 8a). More
specifically, these areas increased from 6.72 mm? to 9.96 mm? as the
laser power increased from 3 mm/s to 6 mm/s when the laser power was
24 W, increased by 3.24 mm?. This figure kept increasing as laser power
enhanced. When it came to 60 W, these areas rose by 6.30 mm?, almost
double that at 24 W. These results indicated that the machining effi-
ciency could be improved by raising the feed rate and laser power.
Meanwhile, as the material removal rate should be a constant for fixed
laser power, the cross sections of the ablated zones were sure to be
narrowed with the feed rate increasing. The narrowed cross sections
mean less heat effect zone. These phenomena therefore suggested that
increasing the feed rate in conjunction with a higher laser power should
improve machining efficiency and reduce heat-affected zones.

In summary, Figs. 7 and 8 show that the tendencies under different
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laser powers are consistent in that the ablation depth dropped with the
feed rate under a certain laser power and increased with the laser power
for a fixed feed rate. The ablation depth increased with the laser power
under each feed rate and the ablation depth kept an increasing trend
with an increased laser power. Moreover, it took about 1.0 mm transi-
tion distance (in the x-direction) to reach the relatively stable position.
As the feed rate increased, the depth fluctuation can be quickly sup-
pressed. Meanwhile, with the feed rates increased under a definite laser
power, the ablated areas were enlarged, and the section cross was nar-
rowed, which indicated that a steeper ablation edge could be achieved
by increasing the laser power. Finally, it can be seen that a good match of
feed rate with a higher laser power can be employed for various
purposes.

4. Experimental study
4.1. Experimental methodology

Since this paper aims to study the effects of laser parameters on the
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Fig. 7. Simulation results of the ablation depth response to feed rate from 3.0 mm/s to 6.0 mm/s with an interval of 1.0 mm/s under the laser power from 24 W to 60
W with an interval of 12 W. (a), (b), (c) and (d) are the ablation depth for the laser power of 24 W, 36 W, 48 W and 60 W, respectively.
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ablated surface topography, wide ranges of both laser power and feed
rate were employed. To make all the results comparable, all the laser
ablation trials, using seven laser powers and eight laser feed rates, were
produced on a single diamond wheel surface in air. Fig. 9 gives an
overview of the experimental methodology. As seen in Fig. 9(a), the
whole wheel was divided equally into eight segments (see segments A to
H) along the wheel circumferential direction and in each segment there
were seven ablated tracks along the wheel axis direction (see track X1 to
X7 where X refers to A-H). The laser feed rate was increased incre-
mentally by 1.0 mm/s from the segment A to H, while the laser power
was incrementally increased at an interval of 6 W from the track X1 to
X7 (where X refers to A-H). The experimental parameters are detailed in
Table 3.

Standard commercial diamond abrasive grinding wheels
(D120N75B771/8, 3M Company) were used in all the trials in this study
(see more details in Table 1). The laser beam was generated by a
continuous-wave carbon dioxide generator (LE900, Hongfan Tech.
Company) with a maximum power of 60 W, a wavelength of 10.6 um, a
circular focus with a diameter of 0.3 mm, and a focal length of 12.5 mm.
The linear and angular motions and positions of the ablated diamond
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wheels were accurately controlled using a specially made positioning
system, having translational and rotational motion accuracies of 10 pm
and 0.05° based on the G-code-based SIEMENS NC system.

As seen in Fig. 9(b), the positioning system consisted of: a controller
(BR010-11T8X2M, BenT CNC Automation Equipment Company), driver
(ZD-M42, Philips Company), stepper motor (42HS4013A4CE, Sumtor
Company), reducer (SK4248-19.2, Yixing Technology Company) and
other auxiliary hardware, enabling 2-axis simultaneous motions (which
were the translational and the rotational motions separately along and
around the wheel axis). The translational and rotational motion speeds
were controlled separately within the ranges of 0-100 mm/s and 0-15°/
s.

After the laser ablation, the diamond wheel was firstly carefully cut
into eight segments (A-H) by the handsaw and wire-EDM machine
(MV24008S, Mitsubishi Electric Company), as shown in Fig. 9(c) and (d).
The two cross sections of each segment were carefully ground and pol-
ished by the alumina with the sizes of #600 (2 h), #1200 (2 h), and
#2000 (2 h). Each segment then was cleaned by the ultrasonic distilled
water bath for 1 h and air-dried at room temperature, as shown in Fig. 9
(e) and (f). Various analyses based on Scanning Electron Microscope
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Fig. 9. Experimental methodology. (a) Ablation strategy, where the whole wheel was equally divided into eight segments (see segments A to H) along the wheel
circumferential direction and in each segment, there were seven ablated tracks along the wheel axis direction (see track X1 to X7 where X refers to A-H). The laser
feed rate was incrementally increased from the segment A to H, while the laser power was incrementally increased from the track X1 to X7 (where X refers to A-H);
(b) experimental setup containing control system (left), positioning system (middle) and the detailed position view (right); (c) cutting through the abrasive layer of
samples via hand saw and (d) cutting off the sample from the grinding wheel via EDM, (e) polishing both sides of the samples and (f) drying them at the room
temperature; (g) observation of the ablated slots via SEM and (h) the measurement of the results by three key points.

Table 3
Laser parameters employed in the trials.
Trial Laser power Laser feed rate Segment Track no. in each Trial Laser power Laser feed rate Segment Track no. in each
No. w) (mm/s) no. segment no. w) (mm/s) no. segment
1-7 60,54, 1.0 A Al-A7 29-35 60,54, 5.0 E E1-E7
8-14 48,42, 2.0 B B1-B7 36-42 48,42, 6.0 F F1-F7
15-21 36,30, 3.0 C C1-C7 43-49 36,30, 7.0 G G1-G7
22-28 24 4.0 D D1-D7 50-56 24 8.0 H H1-H7

(SEM) (174C CZ, ZEISS Company) were performed to observe and 4.2. Experimental results and analysis

measure the ablated topographies respectively, the ablated structure

topography was evaluated based on the three key points on the observed Fig. 10 shows the comparisons of the section view for experimental
cross-section profiles, as seen in Fig. 9(g) and (h). SEM and the simulation images of the laser-ablated topography under
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Laser power

Feed rate

Fig. 10. Comparisons of the section view for experimental SEM and the simulation images of the laser-ablated topography under different processing parameters.
The ablation result from the feed rate of (a) 3.0 mm/s, (d) 4.0 mm/s, (g) 5.0 mm/s and (j) 6.0 mm/s under the laser powers of 24 W; (b) the ablation result from the
feed rate of (b) 3.0 mm/s, (e) 4.0 mm/s, (h) 5.0 mm/s and (k) 6.0 mm/s under the laser powers of 36 W; the ablation result from the feed rate of (c) 3.0 mmy/s, (f) 4.0

mmy/s, (i) 5.0 mm/s and (1) 6.0 mm/s under the laser powers of 48 W.

different processing parameters. Generally, the trends in the experi-
mental results were consistent with that in the simulation where the
trenches’ profiles of the section areas were increased with the laser
power and decreased with the feed rate. However, some inconsistencies
were found between the ablated profiles and depths against the tem-
perature fields distribution in the simulation due to (i) the organic na-
ture of the resin bond that there is no fixed failure temperature and (ii)
the complex physical properties of the mixed multiple materials within
the resin bond diamond grinding wheels. Nevertheless, the trends and
the temperature field distributions gained from the simulation results
were valuable in guiding the experimental scheme design and predicting
experimental results, which was significant in both academic study and
industrial production.

Specifically, both the experimental and simulation results showed
the section profiles of the ablated trenches were increased with the laser
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power and decreased with the feed rate. To be different, the ablation
depths achieved from the simulation were much bigger than those from
the experiments. For the laser power of 48 W, the ablation depths ob-
tained from the simulation were more than 2 times that from the trials
and the figures for the laser power of 24 W and 36 W were almost 3
times. As an idealised model employed in the simulation, the results
were not able to consider the failure characteristics of organic materials.
That means the materials may not fail at the crucial temperature unless
they are exposed for a certain time. Besides, given the mass of heat lost
as the materials are removed from the ablation zone, the actual tem-
perature in the ablation zone should be lower than the simulation.
Therefore, the ablation depths in the experiments were much smaller
than in the simulations.

Surprisingly, when it came to the ablation width, it showed the
ablation width achieved from the simulation was smaller than the
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experiments. It may be due to the factors that were not considered in the
model, like (i) mass of heat was brought to the surface layer due to
thermal convection phenomenon as gases/materials in the ablation zone
melt, boil, evaporation, and expansion; (ii) the heat combined with the
borderline effect made the edges of the ablated trenches easily damaged
in experiments. However, it is interesting that the differences were
reduced when the feed rate increased and the width tends to the
diameter of the laser beam (see the differences between Fig. 10a, b & ¢
and j, k & 1). This may be because of the fast movement of the laser
beam, making the heat less likely to be accumulated and transferred
around.

To be clearer, Fig. 11 presents the comparison of ablation depth and
width between experimental and simulation results shown in Fig. 10.
Specifically, Fig. 11(a) shows that the simulation ablation depths were
closely correlated to the experimental. With the increases in the feed
rate, both the simulation and experiment results showed the ablation
depths dropped nearly linearly. The ablation depth range of the simu-
lation results for the processing parameters was from 0.83 mm to 2.03
mm, while this figure for the experimental was from 0.28 mm to 0.87
mm. Meanwhile, Fig. 11(b) showed a relatively complex figure that the
ablation width nearly remained unchanged when the laser power was
24 W in both simulations and experiments. As the laser power increased,
the ablation width change tended to be limited in the experiment and
the tendency for the simulation also became gentle. It indicated the
ablation width would vary in a limited space eventually despite the
increase of laser power. As for the significant overlap of error bars, this
may be because the resin-bonded grinding wheel contains convex
abrasive and concave porous. As these microstructures are affected by
the random grits and pores distribution, significant fluctuations are
inevitably avoided.

To better comprehend the implications of this study, two evaluation
indices were defined, as depicted in Fig. 12: (i) the Wy/Dy, ratio and (ii)
the Hy/Wrratio. Here, Wr represents the width of the ablated trench, Dy,
is the focal diameter of the laser beam and Hry signifies the depth of the
ablation trench. The Wy¢/D; ratio was established to assess the heat-
affected zone. This is because the materials eliminated beyond the
laser spot range were not directly influenced by laser, but rather due to
the effects of heat transfer. Consequently, a lower ratio indicates a
smaller heat-affected zone. On the other hand, the Hy/Wr ratio was
designed to evaluate the quality of the ablation. This ratio reflects
whether the target materials were primarily removed along the direction
of laser propagation, and subsequently, whether the removed target
materials were controlled and precise. Therefore, a higher the aspect
ratio corresponds the superior ablation quality.

The SEM images showed the heat-affected zone increased rapidly
with the laser power at a low feed rate (see Fig. 12a & b), but it increased
little at a high feed rate (see Fig. 12c & d). Therefore, a low feed rate was
quite unfavourable for suppressing the heat-affected zone. To quantify
the effect, Fig. 12(e) & (f) showed comparisons of HAZ and aspect ratio
changes with feed rates under different laser powers. It indicated the
HAZ decreased with the laser power dropping and the feed rate
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increasing, but the effect of laser power on HAZ gradually became tiny
as the feed rate increased (see Fig. 12e). Besides, it showed the aspect
ratio increased with the laser power and the feed rate. Interestingly, the
feed rate was also affected more than the laser power, as there was a
crossover in the changes for the aspect ratio when the laser powers were
36 W and 48 W (see Fig. 12f).

In summary, both indices reveal that the ablation quality was
improved when the feed rate increased under a matched laser power,
which was consistent with the simulation results. Some leading indus-
trial companies have noticed this issue through trial and error while they
cannot explain it from the theoretical aspect. In response, they keep
increasing the laser power and feed rate, e.g., Han’s laser has increased
its laser power from 2000 W to 12,000 W and feed rate from 1200 mm/s
to 2300 mm/s in the past five years [34]. Undoubtedly, the work in this
paper provides significance to both the theoretical study and industrial
production.

5. Conclusions

To better understand the laser ablation process on resin-bond dia-
mond grinding wheels, a mathematical model was established to study
the unsteady-state conduction in the composite. The time-dependent
temperature distribution with the laser power and feed rate within the
heat-affected zone was revealed. The ablation depth change along the
feed direction was calculated. Finally, experimental work was per-
formed to validate the simulation results and demonstrate the usefulness
of the study. The key conclusions could be summarised as follows:

(1) By using the finite element difference method, a mathematical
model considering the focused laser spot size, the laser beam
energy intensity distribution along with propagation direction,
and the heat conduction and convection in the ablation process
was established. Both the time-dependent temperature distribu-
tion in the heat-affected zone and ablation depth could be pre-
dicted by this model.
The simulation results showed that the laser power minimally
impacted the shape of temperature field distribution, but it
improved the core temperature of the ablation zone as the laser
power increased. Meanwhile, the temperature field shrank as the
feed rate increased. According to the dynamic temperature field
distribution from the simulation model, the section topography of
the ablated slot can be generally predicted. Besides, the heat-
affected zone range can also be estimated using the model.

(3) The experiment showed the trends of the results were generally
consistent with the simulation. However, significant differences
were also found regarding the specific values as the model ob-
tained the topography by calculating critical temperature and
was unable to take the factors, e.g., borderline effect, heat
transfer by melting, and evaporation, into consideration. To a
certain extent, the simulation results were experimentally
proved.
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Fig. 12. The SEM images of the ablated profile under different processing parameters and the definition of evaluation indexes. The SEM image comparisons of (a) 24
W and (b) 48 W under the feed rate of 3.0 mm/s. The SEM image comparisons of (c) 24 W and (d) 48 W under the feed rate of 8.0 mm/s. (e) The heat-affected zone
index (Wy/Dy) and (f) aspect ratio (Hr/Wr) change with feed rate under different laser power.

Based on the conclusions drawn from the study, the general ablation
laws could be determined. Potentially, the results from the study could
be used to reduce the heat-affected zone, generate the desired profile,
and improve efficiency and accuracy, which was of great significance to
both industrial production and academic studies.
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