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Abstract.The research focuses on Response Surface Methodology (RSM)
to optimise process parameters for HA-TiO2 nanocomposite coatings on SS
316L substrates, organised using the sol-gel method and modified with
Nd:YAG laser surface treatment. Four process variables (cutting speed,
nozzle height, peak power and duty cycle) was carefully adjusted using
RSM to determine their impact on surface roughness (Ra), heat impacted
zone (HAZ) and kerf deviation. A central composite design with 30
experimental trials was used to create credible predictive models and
examine parameter interactions. The results find that higher laser power
and duty cycle (%) with lower scan speeds leads to higher Ra and thicker
coatings, while moderate laser energy with optimal scan speed generates
smoother, more uniform and adherent coatings.The measured Ra levels
varied from 18.50 um to 29.77 pum, with lower roughness at higher scan
speeds and reduced power and higher roughness at low scan speeds and
increased power. Heat-affected zone (HAZ) ranged from 0.573 mm to
2.204 mm and kerf deviation ranged from 0.355 mm to 0.841 mmwhich
increased with larger thermal input. The optimised lasersol-gel parameters
improve the useful, structural and tribological properties of HA-TiO.-
coated SS 316L surfaces which show them suitable for biomedical implant
applications.

1 Introduction

Among the most commonly used biomaterials is stainless steel 316L because of its high
mechanical strength, corrosion resistance as well as biocompatibility [1]. But its bioinert
surface does not interact directly with bone tissue and surface modification is needed to
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increase bone bonding and durability in physiological conditions [2]. Hydroxyapatite (HA)
has been given much attention in the recent years with its lot coating materials as the
similarity between its chemical properties and real bone mineral is given a lot of attention
because of its great bioactivity. Introduction of titanium dioxide (TiO2) into HA coatings
enhances mechanical strength, corrosion resistance as well as biological responsiveness [3].
The sol-gel method has been found to be an expedient way to prepare such coatings which
can be controlled well at a low cost of processing, with a fine control of stoichiometry and
microstructure and can produce uniform and adherent layers at relatively low processing
temperatures [4] sol-gel references. Sol-gel coatings are typically typified by low
crystallinity and inadequate substrate adhesion in their deposited form, and this may
adversely affect the performance of the coating [5-7]. Improvements in coating density and
adhesive strength are normally accomplished with post-deposition treatments in an attempt
to overcome these challenges [8-9]. A post-processing technique that has proven to be
effective is the Nd:YAG laser surface treatment that can provide targeted heating in a
relatively short time. It is a method that enhances crystallinity and decreases porosity and
coating-substrate adhesion without creating large amounts of thermal damage [11] works of
paramount importance in laser surface treatment. The performance of HA-TiO2 coatings is
not yet well comprehended in terms of the effect of laser processing parameters such as
power, scanning speed and pulse frequency on the performance of the laser processing [12-
13].

Earlier studies have mainly concentrated on individual parameters with limited research
being conducted on interaction between multiple parameters which refer to studies with
limited parameter analysis [14-18]. The research uses Response Surface Methodology
(RSM) in the analysis and optimization of laser treatment parameters in order to make HA-
TiO2 coating on SS 316L substrates. Laser power, scanning speed and duty cycle (%) are
investigated to determine their effect on significant responses like surface roughness,
hardness and corrosion resistance to come up with a prediction model. The findings help
determine the right processing conditions in order to produce superior implant coating.

2 Materials and Methodology

The substrate that was chosen and was SS 316L stainless steel because it has excellent
resistance to corrosion and confirmed biocompatibility [19]. Mechanical polishing was
applied to the samples to get a smooth surface and acetone and ethanol ultrasonic cleaning
were applied in the samples to eliminate contaminants.

The nanocomposite of HA-TiO2 coating was prepared using sol-gel technique. The TiO2
precursor was titanium iso prop oxide and the calcium and phosphorus to produce
hydroxyapatite were supplied by calcium nitrate tetrahydrate and ammonium dihydrogen
phosphate. Careful pH and molar ratios were used to synthesise the sol and then another
step taken to stabilise the solutions.

The sol was applied to the cleaned SS 316L substrates by dip coating, with coating cycles
and removal speed regulated to ensure a uniform coating thickness. To increase coating
quality and promote crystallisation, the coated samples were heated and cooled. The surface
was treated with a Nd:YAG laser (A = 1064 nm) to improve coating-substrate bonding and
microstructure. To examine their effect on coating properties, RSM design was used to
change laser power, scanning speed and duty cycle (%) [20].

This study evaluates laser processing reactions of HA-TiO: coated SS 316L specimens by
measuring surface roughness (Ra), heat affected zone (HAZ) and kerf deviation using
RSM-designed experiments [21]. Vickers testing was utilised to determine hardness, while
a Coordinate Measuring Machine (CMM) was employed to determine surface roughness.
Electrochemical impedance spectroscopy (EIS) and potential dynamic polarisation have
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been used to assess corrosion performance. RSM optimisation of the laser parameters was
carried out utilising the results of these tests [22].

3 Experimental Design

Response Surface Methodology (RSM) is used in this study experimental design to
optimise the HA-TiO: nanocomposite coating process on SS 316L surfaces [23]. The study
was conducted in two phases, initial, the coating was applied using the sol-gel technique
and then a Nd:YAG laser was used for post-processing. Laser power, scanning speed and
duty cycle (%) are the three laser treatment parameters that are optimised at three different
levels. This method makes it possible to create a quadratic model that describes why laser
settings related to performance metrics like corrosion resistance and surface roughness.
This technique can be used to identify the best processing parameters for producing a
consistent coating with enhanced qualities [24]. Table 1 and table 2 shows the input and
ouput parameters.
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Fig. 1. Experimental factor-levels for HA-TiO2 Nanocomposite coting RSM optimisation.

Table 1.Input Parameters

Factor Low | Center | High | Units
Cut speed 1.0 2.5 5.0 m/min
Nozzle height | 0.2 0.8 1.5 mm
Peak power 20 45 100 % (or W)
Duty cycle 20 50 100 %
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Fig. 2. Metrological Setup for Geometrical and Surface Analysis of Coated Samples.

3.1 Surface Roughness (Ra)

In analysing components made by additive manufacturing, surface roughness is a crucial
factor. The manufactured samples macro- and micro-geometrical properties were measured
using a Coordinate Measuring Machine (CMM), such as the ZEISS CONTURA, fitted with
the proper probing mechanism. surface roughness (Ra) and maximum profile height (Rz),
two important surface metrics, are outlined in Figure 3 (a), coupled with the CMM setup
utilised for measurement. These characteristics, which affect tribological behaviour, fatigue
strength and visual quality, are frequently employed to characterise surface condition. In
addition, as shown in Figures 3 (b) and 3(c), the same CMM was used to confirm additional
geometric properties, such as roundness and flatness.This detailed dimensional
assessmentprovides a basis for relating process conditions with the resulting surface finish
and dimensional precisionof the manufactured parts.

(b) Flatness Measurement (c) Roundness Standard

Fig. 3. Surface Roughness.
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3.2 Heat Affected Zone (HAZ)

The heat-affected zone characterises the region adjacent to the laser-cut surface which
undergoes microstructural changes due to the thermal energy reported during cutting. The
extent of this zone is influenced by the amount of heat conducted into the material relative
to the rate of material removal. The HAZ is generally proportional to the ratio of laser
power to the product of cutting speed and focal distance

HAZ o %(1)

where

P= Laser power

v= Cutting speed

t= Material thickness

3.3 Kerf Deviation

Kerf deviation difference in the width of the cut, is chieflyruled by the energy density
delivered to the material and the precision of beam focusing. The similar proportional
relationship to the heat input parameters

K erf [o2] f—f(Q)

where

P= Laser power

v= Cutting speed

f= Focal distance or nozzle gap

Table 2.Output Parameters

Run | A: Cut | B: Nozzle | C: Peak | D: Ra HAZ Kerf
speed height power % | Duty (um) | (mm) | deviation
(m/min) (mm) cycle % (mm)

1 3 0.6 20 100 21.27 | 1.215 0.394

2 3 0.6 60 60 2298 | 1.337 | 0.542

3 3 0.6 40 40 21.09 | 0.92 0.418

4 3 1 20 60 21.24 | 0.871 0.355

5 5 0.6 60 20 19.11 | 0.965 0.467

6 1 0.2 60 60 25.58 | 1.36 0.586

7 5 0.2 60 60 19.69 | 1.323 0.526

8 3 0.6 100 20 2524 | 1474 | 0.712

9 5 0.6 100 60 23.55 | 1.816 | 0.74

10 3 0.2 60 100 2422 | 1.711 0.627

11 1 0.6 100 60 29.77 | 1.862 | 0.812

12 3 0.6 100 100 28.08 | 2.204 | 0.841

13 3 0.6 60 80 2479 | 1.547 | 0.617
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14 5 0.6 20 60 18.5 0.87 0.361
15 1 0.6 60 20 26.21 | 1.032 | 0.574
16 5 0.6 40 100 21.32 | 1475 0.526
17 5 1 60 60 22.47 | 1.366 | 0.579
18 3 1 100 60 28.38 | 1.869 | 0.815
19 3 0.2 60 20 22.81 | 1.015 0.554
20 3 0.6 80 40 25.76 | 1.446 | 0.691
21 1 1 60 60 2891 | 1.417 | 0.66

22 1 0.6 20 60 25.38 | 0.931 0.46

23 3 0.2 100 60 2725 | 1.866 | 0.827
24 3 1 60 100 27.44 | 1.765 0.697
25 1 0.6 60 100 29.71 | 1.78 0.729
26 3 0.2 20 60 2198 | 0914 | 0.44

27 3 0.6 80 100 28.33 | 2.005 0.805
28 3 0.6 80 80 27.84 | 1.828 | 0.782
29 3 1 60 20 25.59 | 1.058 | 0.607
30 3 0.6 20 20 22.06 | 0.573 0.406

4 Results and Discussion

4.1 Response of Surface Roughness (Ra)

Surface roughness (Ra) was experimentally acquired with numerous parameters of the
process, such as cut speed, nozzle height, maximum power and duty cycle. The findings
evidently demonstrated an overall impact on the quality of surfaces. Figure 4 (a) shows the
correlation between cut speed and nozzle height, whereby cut speeds of higher magnitude
(5 m/min) tend to give smoother surfaces, whereas, lower cut speeds (1-3 m/min), coupled
with a middle range nozzle height (0.6-1 mm) will give a higher Ra value. Figure 4 (b) is a
combination of cut speed and peak power and indicates that the enhancement of Ra,
especially at low cut speeds, correlates with an increase in peak power past 60% and that at
that point the thermal effects become predominant. Figure 4 (c) demonstrates the effect of
the duty cycle on Ra and higher duty cycle (80-100% when used with larger cut speeds
which increases the surface roughness) leads to higher values of the Ra whereas smaller cut
cycle (20-40% cut cycle) leads to lower values of the Ra. The integrated effects of nozzle
height on maximum power and duty cycle are presented in figs. 4(d) and (e) respectively.
The rise in ra is proportional to the rise in power level and the best combinations of reduced
nozzle height and moderate nozzle duty curves reduce the uneven surfaces. Figure 4 (f)
represents the interaction between peak power and duty cycle and this illustrates the
importance of having a balance between peak power and high duty cycles as more peak
power and high duty cycles would produce the roughest surfaces. It is found that cut speed,
nozzle height, peak power and duty adjustments are needed to achieve low surface
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roughness and this presents useful information on how the process can be optimised in laser
cutting operations.

Ra = 24.0422 + —3.25545 *+ A + 1.04167 = B + 2.81376 * C + 1.20916 * D +
—0.1375 = AB + 0.088004 = AC + 0.141158 = AD + 0.4675 * BC + 0.11 * BD +
0.870171 * CD + —0.0326886 * A"2 + 0.405483 * B2 + 0.125353 * C"2 + 0.45427 =
D" ®
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Fig. 4. (a) Surface Roughness (Ra) - Cut Speed vs Nozzle Height (b) Ra - Cut Speed vs Peak Power,
(c) Ra - Cut Speed vs Duty Cycle, (d) Ra -Nozzle Height vs Peak Power, (e) Ra -Nozzle Height vs
Duty Cycle, (f) Ra - Peak Power vs Duty Cycle
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4.2 Response of Heat Affected Zone

Investigation on the heat-affected zone (HAZ) under multiple process parameters, including
duty cycle, peak power, nozzle height and cut speed, shows clear patterns that are helpful
for selecting appropriate laser cutting conditions. Figure 5 (a) illustrates the combined
effect of cut speed and nozzle height. It shows that lower cut speeds (1-3 m/min) with
smaller nozzle heights (0.2-0.6 mm) generally result in lower HAZ values, while larger
nozzle heights (1 mm) slightly improve heat penetration. HAZ significantly rises at higher
peak powers (80-100%), especially at moderate cut speeds, indicating higher power levels
and increased heat input, as seen in Figure 5 (b), which shows the relationship between
peak power and cut speed. Figure 5 (c) shows the relationship between duty cycle and cut
speed. At intermediate cut speeds, larger duty cycles (80-100%) increase HAZ production,
while lower duty cycles (20-40%) minimise thermal spread. Figures 5 (d) and (e) show the
combined impact of nozzle height on peak power and duty cycle, correspondingly. High
nozzle height and peak power or high duty cycle seem to produce the most HAZ, while
lower nozzle heights combined with moderate power or duty cycle appear to generate the
lowest HAZ. The relationship between duty cycle and peak power is finally shown in
Figure 5 (f), which shows that concurrent increases in both parameters lead to the largest
HAZ due to increased heat input and prolonged energy exposure. The results show that
controlling cut speed, nozzle height, peak power and duty cycle in a balanced manner is
important to minimize HAZ, leading to improved cutting accuracy and better thermal
controlduring laser processing operations.

HAZ = 1.36342 + —0.0263416 = A + 0.0130833 * B + 0.480379 * C + 0.360356 *
D + —0.0035 * AB + 0.00187359 * AC + 0.00322522 * AD + 0.0115 * BC +
0.00275 = BD + 0.0211424 = CD + —0.000865979 * A*2 + 0.0100214 = B"2 +
0.00318711 = C"2 + 0.0110911 = D"2 4

0.5

Heat Affected Zone HAZ (mm)
Heat Affected Zone HAZ (mm)

B: Nozzle height (mm) 04 A: Cut speed (m/mm)




EPJ Web of Conferences 363, 01012 (2026) https://doi.org/10.1051/epjconf/202636301012
ICLDMS"26

£ T 2

5 £
P4 2 s
x v

v € o

c S SOV

S N 1 S SOV
E 3 R

E g 0.5
x '

g £
T

100
C: Peak power (%) 04 B: Nozzle height (mm)
20 02
25

E E

E E

2 2

o v

c €

K] S

i 3

& g

< =

F 3

£ T

D: Duty cydle (%) 04 B: Nozzle height (mm)
D: Duty cycle (%) 40 . 40 C: Peak power (%) o 2002 s
) ®

Fig. 5. (a) Heat-affected zone- Cut Speed vs Nozzle Height (b) HAZ- Cut Speed vs Peak Power,
(c) HAZ- Cut Speed vs Duty Cycle, (d) HAZ-Nozzle Height vs Peak Power, (¢) HAZ-Nozzle Height
vs Duty Cycle, (f) HAZ- Peak Power vs Duty Cycle

4.3 Response of kerf deviation

During laser cutting operations, dimensional accuracy and process stability are evaluated by
evaluating kerf deviation under various process parameters, including cut speed, nozzle
height, peak power and duty cycle. The effect of cut speed and nozzle height is shown in
Figure 6 (a), where kerf deviation is minimised at low cut speeds (3 m/min) with smaller
nozzle heights (0.2-0.6 mm) and higher nozzle heights (1 mm) slightly increase deviation,
suggesting lower precision at higher standoff distances. The combined effect of cut speed
and peak power can be seen in Figure 6 (b), where kerf deviation rises with larger peak
powers (80-100%), especially at medium cut speeds. This indicates that too much heat
input causes kerf widths to become broader and more irregular. The effect of duty cycle can
be seen in Figure 6 (c), as smaller duty cycles (20-40%) preserve kerf consistency while
higher duty cycles (80-100%) at moderate cut speeds generate greater variances. Maximum
kerf deviation is seen at high nozzle heights combined with elevated power or duty cycle,
while appropriate combinations of lower nozzle heights with moderate power or duty cycle
minimise variations. Figures 6 (d) and (e) show the combined effect of nozzle height with
peak power and duty cycle, accordingly. The impact of peak power and duty cycle is shown
in Figure 6 (f), as shows that concurrent increases in both parameters result in the biggest
kerf deviations because of increased material melting and unstable cutting. The results
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shows that proper control ofcut speed, nozzle height, peak power and duty cycle is crucial
for achieving minimal kerf deviation, leading to improved dimensional accuracy and
cutting quality in laser cutting processes. Table 3 shows the anova results.

Kerf = 0.583318 + —0.0420159 * A + 0.01275 * B + 0.200518 * C + 0.0563153 *
D + —0.00525 * AB + 0.00373963 * AC + 0.00545233 * AD + 0.01825 x BC +
0.00425 * BD + 0.0337901 * CD + —0.00130546 * A*2 + 0.0155934 * B"2 +
0.00485898 * C*2 + 0.0179619 * D"2 5

Kerf Deviation (mm)
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Fig. 6. (a) Kerf- Cut Speed vs Nozzle Height (b) Kerf- Cut Speed vs Peak Power, (c) Kerf- Cut
Speed vs Duty Cycle, (d) Kerf-Nozzle Height vs Peak Power, (¢) Kerf-Nozzle Height vs Duty Cycle,
() Kerf- Peak Power vs Duty Cycle

Table 3.Anova - RA, HAZ and Kerf

Source Surface Roughness (Ra) HAZ (mm) Kerf Deviation (mm)
pm
Sum of | F- p-value | Sum of | F-value | p-value | Sum of | F- p-value
Square | value Square Square | value
] ] S
Model 286.68 | 15.88 | <0.000 | 4.98 455.64 | <0.000 | 0.6277 | 22.76 | <0.000
1 1 1
A - Cut | 12573 | 97.53 | <0.000 | 0.0082 | 10.54 0.0054 | 0.0209 | 10.63 | 0.0053
speed 1
B - | 13.02 10.10 | 0.0062 | 0.0021 | 2.63 0.1257 | 0.0020 | 0.99 0.3355
Nozzle
height
C -1 103.12 | 79.99 | <0.000 | 3.01 3846.9 | <0.000 | 0.5237 | 265.8 | <0.000
Peak 1 6 1 3 1
power
D - 12023 15.69 | 0.0013 | 1.80 2299.7 | <0.000 | 0.0439 | 22.28 | 0.0003
Duty 9 1
cycle
AB 0.0756 | 0.058 | 0.8119 | 0.0000 | 0.0627 | 0.8056 | 0.0001 | 0.056 | 0.8162
7 0
AC 0.0318 | 0.024 | 0.8773 | 0.0000 | 0.0184 | 0.8938 | 0.0001 | 0.029 | 0.8667
7 1
AD 0.0771 | 0.059 | 0.8102 | 0.0000 | 0.0515 | 0.8236 | 0.0001 | 0.058 | 0.8124
8 4
BC 0.8742 | 0.678 | 0.4231 | 0.0005 | 0.6771 | 0.4235 | 0.0013 | 0.676 | 0.4238
1 3
BD 0.0484 | 0.037 | 0.8490 | 0.0000 | 0.0387 | 0.8466 | 0.0001 | 0.036 | 0.8507
5 7
CD 3.42 2.66 0.1239 | 0.0020 | 2.59 0.1285 | 0.0052 | 2.62 0.1263
A? 0.0064 | 0.004 | 0.9449 | 4.463E | 0.0057 | 0.9408 | 0.0000 | 0.005 | 0.9437
9 -06 1

11
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B? 0.9794 | 0.759 | 0.3972 | 0.0006 | 0.7657 | 0.3953 | 0.0014 | 0.735 | 0.4047
7 2

c? 0.0825 | 0.064 | 0.8037 | 0.0001 | 0.0683 | 0.7974 | 0.0001 | 0.063 | 0.8053
0 0

D? 1.06 0.824 | 0.3784 | 0.0006 | 0.8106 | 0.3822 | 0.0017 | 0.843 | 0.3730
0 1

Residua | 19.34 - - 0.0117 | - - 0.0295 | - -

1

Cor 306.02 | - - 5.00 - - 0.6573 | - -

Total

R? 0.9368 | - - 0.9976 | - - 0.9549 | - -

5 Conclusion

The study identified the optimum laser processing for Hydroxyapatite - Titanium dioxide
coated SS 316L stainless steel using RSM, with importance on minimizing surface
roughness, kerf deviation and thermal influence during post-coating machining:

o Surface Roughness (Ra): Lowest Ra of 18.50 um was observed at Run 14 (Cut speed: 5
m/min, Nozzle height: 0.6 mm, Peak power: 20%, Duty cycle: 60%), while the highest
Ra of 29.77 um occurred at Run 11 (Cut speed: 1 m/min, Nozzle height: 0.6 mm,
Peak power: 100%, Duty cycle: 60%).

e Heat-Affected Zone (HAZ): Minimum HAZ of 0.573 mm was recorded at Run 30 and
maximum HAZ of 2.204 mm occurred at Run 12, showing that higher thermal input
increases HAZ (high power and duty cycle) increases HAZ.

e Kerf Deviation: The lowest kerf deviation of 0.355 mm was experiential at Run 4, the
maximum deviation of 0.841 mm occurred at Run 12, shows that extreme laser
settings reduce dimensional accuracy.

e The higher cut speeds with moderate power and duty cycle produced smoother
surfaces, lower HAZ and improved kerf accuracy, the low speeds with high power and
duty cycle led to rougher surfaces, larger thermal effects and higher kerf deviation
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