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ABSTRACT. High-velocity oxy-fuel (HVOF) coating to enhance the erosion, wear, and corrosion-resistant
properties crucial for orthopedic applications. HVOF is distinguished for its capability to provide surfaces with a
dense and superior finish. Porosity and hardness serve as vital process variables in assessing performance. This
current study aims to optimize HVOF process parameters to minimize porosity values in titanium oxide (TiO,)
coatings applied on AZ81 magnesium substrate. Oxygen flow, liquefied petroleum gas (LPG) flow, coating material
feed rate, and spray distance were selected due to their significant impact on the coating quality. Statistical
techniques such as response surface methodology (RSM), analysis of variations, and design of experiments (DoE)
were employed to obtain the necessary results. The findings indicate that LPG flow has the most significant influence
on coating quality, followed by standoff distance, oxygen flow rate, and feed rate. The coating obtained using
optimal spray parameters exhibits a lower surface porosity of 0.86 vol.% and achieves a greater hardness of 922 HV.
This has been confirmed through validation via the response graph. Consequently, the optimized parameters for
TiO, deposit entail an oxygen flow rate of 266 lpm, an LPG flow rate of 68 Ipm, a powder feed rate of 35 g/min,
and a spray distance of 236 mm.

KEY WORDS: High-velocity oxy-fuel, Response surface methodology, Porosity, Hardness, AZ81 Magnesium
alloy, Titanium oxide

INTRODUCTION

Titanium oxide (TiO,) is among the most analyzed minerals, owing to its exceptional qualities in
several uses, including photocatalytic activity, photoelectronic devices, hydrogen generation,
conventional medicine, and corrosive resistance [1]. It acts as a coating to improve the adhesion
of the succeeding layers. Sol-gel, electrophoretic deposition, immerse-and-revolve coating,
plasma spraying techniques, and electrophoretic deposition are some of the documented methods
to produce these forms of coating. [2-4]. Thermal spray-deposited TiO, coatings have been
investigated as a unique layer as well as a BC that optimizes the surface adhesion of upper coats
to metal surfaces [5—-11]. The HVOF treatment proved to optimize overall adhesion and the
fracture dispersion, tension, and wear resistance of the coatings, one of the various thermal spray
methods. [12-14]. In the high-velocity oxygen fuel procedure, the in-flight particulates that hit the
base are flattened and hardened in an array of dimensions and shapes to create disc-like forms, or
splats, which are the required fundamental building blocks for the coating development technique.

The collision of in-flight particulates also causes additional effects, including the development
of groups of semi- and non-fused particles, splashes, rebounds, and imprinting caused by the
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prediction of non-fused particles [15]. The stand-off distance (SOD), powder feed rate, fuel
proportion, number of passes, distribution of particle sizes, and overall gas flow are some of the
thermal spray diffusion variables that impact the properties of the spatter and surface coating, like
adhesion, elemental composition, microstructure, etc.

Titanium (Ti) is presently the most extensively utilized substance in the field of orthopedics
[16, 17]. The potential uses of these materials encompass micro-plates, micro-bone-screws,
prosthetic bone joints, and delicate surgical equipment. Titanium-based ceramics provide
numerous exceptional characteristics, such as reduced density, enhanced strength, corrosion
resistance, favourable biological compatibility, compatibility with magnetic fields, and absence
of allergic responses following implants [18]. TiO; represents the inherent oxide layer of titanium
(Ti). While TiO, does not possess inherent antibacterial capabilities, it presents numerous
prospects for enhancing the efficacy of titanium as a biomedical implant. Furthermore, the
fabrication of TiO, nanostructures with enhanced osteogenic characteristics compared to Ti is
considered advantageous. In addition, the utilization of TiO; has the potential to enhance the level
of bone-implant interaction through the stimulation of cellular activity.

The use of TiO, deposition on surgical magnesium substrates offers numerous benefits in
biomedical engineering. TiO, enhances biocompatibility, reducing adverse reactions upon
implantation. It acts as a protective barrier against corrosion, extending the implant lifespan.
Moreover, TiO, coatings improve surface properties, promoting cell adhesion and tissue
integration, thus facilitating accelerated healing. Additionally, they can be engineered for
controlled drug release, aiding in tissue regeneration and infection prevention. Overall, TiO,-
coated magnesium implants mitigate inflammation and immune responses, leading to better
patient outcomes. This versatile approach enhances implant performance, biocompatibility, and
longevity, making them suitable for diverse surgical applications [19].

The primary aim of this research study is to examine and enhance the HVOF spraying
variables employed during the deposition of TiO, onto surgery Mg substrate. The powder feed
rate and fuel proportion are known to affect flow rate, temperature, or coating grade for all these
parameters [20-23]. Important information about the separation process and its relationship to the
characteristics of the last covering is provided by the connection between the temperature and
speed of in-flight particulates and the coating variables, which combine process mapping and
experimental design (DoE), which incorporates the analysis of variance (ANOVA) [24-31].

From the previously published papers [2-21], a lot of studies on optimizing the HVOF process
parameter on Mg alloys, and the data was scattered. As of now, there is no model available to
predict the coatings characteristics of HVOF sprayed TiO2 on AZ81D Mg Alloy. An effort was
made to carry out on optimizing the high-velocity oxy-fuel (HVOF) spray parameters of TiO,
coatings on AZ81D Mg alloy. The leading issue in the production of coatings using the HVOF is
finding the optimum input parameters to attain the desired coating properties on AZ81D Mg alloy
for biomedical implants.

EXPERIMENTAL

This study utilized 2.5 mm thickness of wide sheets of magnesium as the base material. The
chemical components of the AZ81 magnesium substrate 8.071Al; 1Zn; 0.209Mn; 0.012 Cu; 0.010
Fe; 0.002 Ni; 0.042 Si. The current investigation uses crushed TiO» as a coating materials. The
crushed titanium oxide (TiO,) was acquired from Spray Met Surface Technologies Pvt. Ltd.,
Bangalore. Ball milling was done for one hour at 150 rpm, with 25% of the container volume
occupied and a ball-to-weight ratio of 1:1. The powder was then simply used for spraying after
being sieved using a vibratory screening machine to acquire feedstock particle sizes of ~ 17pm.
XRD analysis using CuKo radiation was used to examine the coating phase composition. A
comprehensive scan was carried out using a step size of 0.002 mm and a step period of 0.3
seconds, with 20 values spanning from 200 to 1000.
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Fabrication of TiO; coating

Equipment from Spraymet Surface Technologies Pvt. Ltd., Bangalore, was used to perform the
HVOF coating, in which a high-velocity jet was utilized by the ignition of an LPG and oxygen
blend. For the TiO, coating, the spraying conditions used throughout the HVOF coating were
optimized. The AZ81 magnesium specimens were separated from their as-received state, grit
bombarded with corundum grits measuring 530 um, cleaned with acetone in an ultrasound bath,
and then cured. The average surface roughness following sandblasting was determined to be 5 to
10 um by a surface roughness tester (Make: Mitutoyo, Japan; model Surf Test 301). The HVOF
spraying system and uncoated and coated specimens are illustrated in Figure 1, respectively.
During the coatings, Coating thickness was measured using an Elcometer (Model: Elcometer 456)
for each pass of the HVOF gun during the coatings. Additionally, the average thickness of the
cross-sections was measured from different 10 places of the cross-section using an optical
microscope equipped with image analyzing software.

Figure 1. Experimental setup.
Porosity analysis

The permeability and fracture toughness of the coatings were measured using metallographic
cross-sections. The coated specimens had first been meticulously sliced to the necessary
proportions using a sluggish crystallographic sample saw (Make: Ducom, India; Model: MSS-10)
equipped with an epoxy-sharp cutting disc (10x10 mm). Particles were then attached using the
lowest-viscosity epoxy adhesive in a vacuum atmosphere. The attached samples were then
progressively crushed with SiC papers of 600, 800, 1000, and 1500 grit before being polished
throughout 5, 5, 10, and 10 minutes, respectively, with diamond slurries of 10-8, 9-5, 5-2, 2-0.5,
and 0.5-0 micron. It's challenging to quantify and evaluate true permeability in metallographically
created spray coverings due to pullouts in brittle materials. If the microstructural grinding and
polishing aren't done properly, something that isn't part of the coating structure may be introduced.
Because ceramic coatings are fragile, during grinding, particles might come loose from the
surface. These breakouts provide the erroneous impression of significant porosity if they are not
adequately polished. Using an optical microscope, the coatings' microstructures were examined
on their surface and in their cross-section (OM). On the polished cross-section of the covering,
the permeability of the coatings was evaluated by ASTM E2109-11 standards with the help of an
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optical microscope (Make: Meiji; Japan, Model: MIL-7100) fitted with a photographic-analysis
system (Meta vision version 6). The right magnification must be used during image analysis to
catch aspects of photographs, including large pores, voids, and connectivity breaks. In this study,
a 200 m? area of that smoothed and polished cross-sectional area on the coverings was selected
for porosity study at 400x intensity of optical morphology with a resolution of 1024 x 768 picture
elements, and the picture was examined. To estimate the mean proportional area of permeability,
the very same process was carried out ten times at random sites.

Microhardness testing

A Vickers microhardness tester (make: Shimadzu; Japan) Model HMV-2T) was used to assess
the coatings' microhardness. To determine the hardness, a 300 g load and a dwell period of 15 s
were used. On the polished cross-section of the coating, at ten random locations, the hardness
values were measured.

Selection of the key process parameters

Picking variables that indicate process conditions is the first step in the design of operations. The
thermal spray business is aware that a huge number of variables could have an impact on the
characteristics of the coating. The main factors influencing the effects of the deposition process
were discovered from the publications and tests done in our lab. The following are the standard
HVOF process variables: Spraying range, rate of powder feed, oxygen, and LPG flow rate.

Recognizing the process parameters' practical limits

AZ8]1 substrate pieces that had been grit blasted, various spraying experiments were performed to
establish the acceptable operating range of the HVOF processing parameters by adjusting one
parameter while maintaining the others fixed. Trial tests are properly carried out, and Table 1 shows
the outcomes. The procedure factor’s maximum and minimum limits, which are illustrated in Table
2, were determined based on the findings.

Table 1. Microstructural observations during HVOF sprayed TiO: coating trials.

Parameter Level Micrograph Observation
<254 lpm
Poor adhesion of the coating
50 pm Coating delamination
Oxygen flow
rate
>270 lpm
Fragmentation and  small
50 pm solidified splats
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LPG Flow
rate

Powder feed
rate

Spray distance

<64 lpm
More unmelted particles along
50 um with melted region
>80 Ipm
Pores, voids, and splashing of
50 um particles observed
<30 gpm
Poor deposition of particles
50 um
>50 gpm
More unmelted particles
50 pm
<218 mm
50 um Dense and thick unmelted
K particles
>242 mm
Poor deposition due to loss of
50 um sprayed particles
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Table 2. Important HVOF spray parameters.

. Levels
No Factor Units 2 1 0 1 2
I Oxyg(e% flow rate lpm 254 258 262 266 270
) LPG flow rate Ipm 64 68 72 76 80
Q
3 Powder feed rate g/min 30 35 40 45 50
R®)
Spray distance
4 S mm 218 224 230 236 242

Developing the experimental design matrix

By keeping in mind the given factors, it was possible to pick characteristic boundaries that resulted
in a remarkably adhesive HVOF spray coating. The main composite rotatable, four-component,
five-level model structure was selected due to the wide variety of different factors. A much-
improved technique in Response Surface Methodology (RSM) for defining the important
correlation that the scholars have emphasized with the fewest tests permitted without
compromising quality has been discovered to be a centralized composite rotatable layout of the
secondary order. Table 3 lists the 30 groups of coded parameters that were utilized to create the
design matrix. From the layout pattern, the main 16 test circumstances are calculated. The combos
of every process parameter at the least (-2) or most (+2) value with the remaining four factors at
varying levels create the star, whereas all the elements at their moderate level (0) from the center
points. The evaluation of the linear, quadratic, and two-way interaction impacts of such factors
upon the permeability and micro-hardness within the HVOF sprayed covering was therefore
achieved by the 30 test conditions. The greater and lesser levels of the determinants were
conveniently recorded as (-2) and (+2) for recording and processing the experimental results.
The continuity equation can be used to determine the data for a number of transitory variables:

H= 2 2 (H )] [ 1] 2

where, H;is the needed coded value of a factor H, H is any value of the factor from Huin t0 Hinax,
Huin is the lowest level of the factor; and Hmay is the highest level of the factor.

Table 3. Design matrix experimental results.

Run Coded value Original value Responses
Q R S T Q R S Porosity Hardness
1 -1 -1 -1 ] -l 258 68 | 35 | 224 3 755
2 -1 -1 |- 266 68 | 35 | 224 1.65 850
3 -1 1 -1 |- 258 76 | 35 | 224 1.69 830
4 1 -1 |- 266 76 | 35 | 224 1.32 913
5 -1 -1 1 -1 258 68 | 45 | 224 3.72 744
6 1 -1 1 -1 266 68 | 45 | 224 1.62 834
7 -1 1 1 -1 258 76 | 45 | 224 1.37 885
8 1 1 1 -1 266 76 | 45 | 224 1.6 872
9 -1 -1 ] -1 1 258 68 | 35 | 236 3.37 784
10 1 -1 ] -1 1 266 68 | 35 | 236 0.86 922
11 -1 1 -1 1 258 76 | 35 | 236 3 781
12 1 -1 1 266 76 | 35 | 236 2 845
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13 -1 -1 1 1 258 68 45 236 4 663
14 1 -1 1 1 266 68 45 236 3.5 745
15 -1 1 1 1 258 76 | 45 236 3.6 735
16 1 1 1 1 266 76 | 45 236 2.87 783
17 -2 0 0 0 254 72 | 40 | 230 3.56 726
18 2 0 0 0 270 72 | 40 | 230 1.8 864
19 0 -2 0 0 262 64 | 40 | 230 3.57 717
20 0 2 0 0 262 80 | 40 | 230 1.94 829
21 0 0 -2 0 262 72 30 | 230 1.53 876
22 0 0 2 0 262 72 50 | 230 3.59 797
23 0 0 0 -2 262 72 | 40 | 218 1.94 879
24 0 0 0 2 262 72 | 40 | 242 3.54 751
25 0 0 0 0 262 72 | 40 | 230 1.17 896
26 0 0 0 0 262 72 | 40 | 230 1.24 901
27 0 0 0 0 262 72 | 40 | 230 1.17 892
28 0 0 0 0 262 72 | 40 | 230 1.8 898
29 0 0 0 0 262 72 | 40 | 230 1.06 891
30 0 0 0 0 262 72 | 40 | 230 1.14 903

Development of a predictive model for tio2 coating

A response surface approach was employed in the current project to estimate the response porosity
as well as the micro-toughness of HVOF-applied coatings. Response surface methodology, a
mathematical and data analysis technique combo based on a limited number of experiments, is
good for developing, enhancing, and refining the HVOF process. A second-degree polynomial
equation was created to forecast the outcomes of tests using various combinations.

The outcomes are a function of spraying range, rate of powder feed, oxygen, and LPG flow,
and they can be shown as:

Outcomes = f (T, O, R, S)

@
A quadratic model with multiple factors seems to have the following general form:
M =c+ 2Xecx+ 2cx,+ 2 XX, 3)

The selected polynomial equation for the four factors can be derived as below:
M =6+6(T) +6:(Q + () +64(9+6(T) +e(T) + o[ R) +e[S) +
(T +65(TR) +6,(TS) + o R) +e(D) + 5 (RS)

where co is the average of responses and c01, c02, c03,...c44 are predictor variables that relate to
the corresponding linear, interaction, and square terms of variables. Software called Design
Experiment was used to estimate the coefficient's value. The overall empirical relationship was
created by employing the coefficients (at a 95% confidence level) that had been determined.
Below is the complete statistical model used to estimate the answers in following equations.

Porosity of the deposit =2.1-0.37-0.300+0.38 R+0427S +0.2770 +0.12 TR —0.06 OS-0.13 OR
+021RS +0235+029 T*+0.31 O +026 R +031 8 ( wl%)

Hurdhess of the deposit =8904+345T+ 2650184 R-31.15- 7370 — 29TR—- 061 TS
+1B3AR-153Q5-282RS — B — 040 + 135K 1895 (HV)

Checking the adequacy of the developed model

“4)

)
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The analysis of variance (ANOVA) approach has been utilized to figure out whether the generated
empirical relationship was sufficient. In this analysis, 95% confidence was deemed to be the
optimum level of assurance. If (a) the value obtained from the developed model's "Q" percentage
does not outpace the basic calculated value of that fraction "Q" and (b) the output obtained from
the developed relationship's "R" fraction exceeds the basic calculated value of that ratio at the
preferred suitable level, the relationship may be deemed sufficient. The model is determined to

Muthuraj Marimuthu et al.

be suitable. The probability > F value in Table 4 indicates that the model is strong.

Table 4. ANOVA test results for hardness and porosity.

ANOVA test results for hardness

Source Sum of squares df | Mean square F-value p-value
Model 1.580E+05 | 14 11286.03 1739 | <0.0001 Significant
A-T 37052.04 1 37052.04 57.11 <0.0001
B-Q 17658.37 1 17658.37 27.22 0.0001
C-R 17985.38 1 17985.38 27.72 | <0.0001
D-S 24130.04 1 24130.04 37.19 | <0.0001
AB 1278.06 1 1278.06 1.97 0.1808
AC 4000.56 1 4000.56 6.17 0.0253
AD 0.5625 1 0.5625 0.0009 0.9769
BC 1425.06 1 1425.06 2.20 0.1590
BD 8418.06 1 8418.06 12.97 0.0026
CD 6123.06 1 6123.06 9.44 0.0077
A? 15757.74 1 15757.74 24.29 0.0002
B? 23819.17 1 23819.17 36.71 <0.0001
c? 5068.53 1 5068.53 7.81 0.0136
D? 9869.17 1 9869.17 15.21 0.0014
Residual 9732.58 | 15 648.84
Lack of Fit 9617.75 | 10 961.78 41.88 0.0003 | Not significant
Pure Error 114.83 5 22.97
Cor Total 1.677E+05 | 29
ANOVA test results for porosity
Source Sum of squares df | Mean square F-value p-value
Model 2823 | 14 2.02 13.23 <0.0001 Significant
A-T 5.85 1 5.85 38.38 <0.0001
B-Q 2.36 1 2.36 15.50 0.0013
C-R 3.77 1 3.77 24.72 0.0002
D-S 4.53 1 4.53 29.73 <0.0001
AB 1.32 1 1.32 8.64 0.0102
AC 0.2836 1 0.2836 1.86 0.1927
AD 0.0827 1 0.0827 0.5422 0.4729
BC 0.4001 1 0.4001 2.62 0.1261
BD 0.8789 1 0.8789 5.77 0.0298
CD 1.05 1 1.05 6.86 0.0194
A? 2.72 1 2.72 17.84 0.0007
B2 3.05 1 3.05 20.03 0.0004
c? 2.23 1 2.23 14.60 0.0017
D? 2.99 1 2.99 19.58 0.0005
Residual 229 | IS 0.1525
Lack of Fit 1.92 | 10 0.1924 2.65 0.1465 | Not significant
Pure Error 0.3625 5 0.0725
Cor Total 30.52 | 29
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Figure 2. (a-b) Normal probability curve, (c-d) predicted vs actual graph, and (e-f) perturbation

graph for porosity and hardness.

In each of the developed empirical observations, the lack of fit was not as important as
expected. A high level of significance is shown by Fisher's Test statistic having a very low
possibility value (p model>; F = 0.0001). The determination factor was employed to determine
how well the model corresponded to the data (R?). Just under one percent of the overall deviations
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cannot be understood according to the observed relation based on the coefficient of determination
R? value, which was higher than 0.99. The strong significance of Empirical correlations is shown
by the magnitude-modified coefficient of determination, which is also extreme. The variations of
the projected estimates from the perspective of design are compared with the mean prediction
error to determine whether precision is enough. Additionally, a comparatively low coefficient of
variance suggests that the trials were performed with greater accuracy and dependability. The
improved correctness and repeatability of the performed trials are indeed indicated by the
remarkably low coefficient of variation [26]. The answers shown in Figure 2(a-b) are indicated
by the conventional probability plots. It is possible to determine from Figure 2(a—b) that residuals
drop on an undeviating line, indicating that errors are supplied equally. According to Figure 2(c—
d), which compares actual and expected values, there is a high correlation between approximated
and expected values.

RESULTS AND DISCUSSION

The optical microstructure of the magnesium base, which exhibits equiaxed grains, is illustrated
in Figure 3(a). The angular forms of the TiO, feedstock are illustrated in Figure 3(b). The X-ray
diffraction analysis of the TiO, coating powder is illustrated in Figure 3(c). The TiO, coating was
fabricated on the AZ81 Mg alloy, and the mean thickness of the coatings was maintained at 200
+5 pum.

(b)

SEM I‘IV; 300kV WD: .84 rnn:\ Ll VEGAJ TESCAN|
SEM MAG: 766 x Scanspeed:4  S0pm
BI: 10.00 Date(midly): 08/Z221 SOC-M K UNIVERSITY
(c) +
“4TI0:2
El
L
=
1]
<
2
=
>
3 +
* + + l + 4
20 30 40 50 60 70

2 theta (degree)

Figure 3. (a-b) optical microstructure of the magnesium base, and (c) X-ray diffraction analysis
of the TiO; coating powder.
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Observations made throughout the trial

LPG flow rate: whenever the flow rate falls below 62 lpm, several partially melted particulates
are observed due to insufficient heat generation. If the LPG flow is greater than 70 Ipm, more heat
is already being produced, and the nozzles have been noticed to heat up. Oxygen flow rate: When
the oxygen flow velocity is much less than 252 Ipm, incomplete LPG burning has been observed,
and if it reaches 268 lpm, more partially melted coating grains are found.

Powder feed rate: The lowest powder feed rate recorded was 28 gpm. If the speed of powder
input reaches 48 Ipm, the coating still includes partially melted particles. Spray distance: excess
heat on the substrate has been noticed when the spray range is less than 216 mm, while poor
coating was noticed when the range was longer than 240 mm.

To thoroughly melt the TiO, feed, the appropriate oxygen and LPG ratio is essential (the
melting temperature of titania is 1855 °C). Poor coating, lowest thickness, and more partially
melted grains have been noted when levels are increased or decreased.

The model that has been developed can be utilized to construct the plots for numerical
simulations and to enhance results. These designs have been developed to keep the conversation
going. In Figure 2(e-f), the perturbation graph indicates the impacts of the HVOF.

Processing variables for deposit porosity and micro-hardness were recently generated and
displayed in Table 3. The perturbation plot is a significant graphical representation that offers
observations of the response values in silhouettes. This chart shows the response modifications
for each component deviating from the designated reference point despite holding the set point
for all other factors. If a variable has a steep climb or curvature, the response is sensitive to the
factors. The relatively flat stay is connected to the factor's lack of sensitivity to change.

Effect of hardness and porosity

The analysis of variance (ANOVA) applied to the values of F reveals that LPG flow velocity and
spraying length have a significant influence on the porosity and hardness of the TiO, spray. As
shown in the perturbation plot (Figure 2(e-f),) as process variables are expanded, porosity
decreases, and when they are expanded higher, the porosity levels rise. A perturbation graph
allowed us to determine that the decreased fuel flow rate created inefficient dissolving of the tiny
particles, which resulted in high porosity and lower hardness. At a lower gas supply, the flame's
temperature is low, which hinders the dissolution of TiO, (that melted at 1855 °C), the feeding,
and particulate or droplet displacement at substrate impact, which results in incomplete filling,
increased particle sizes, and a lower hardness value. It has been confirmed that the HVOF process
performed at the required oxygen flow rate and pressure and that, under the prevailing
circumstances, the heating rate would increase with such an increase in fuel gas flow.

In conclusion, a rise in the fuel gas flow increased the spray powder's melting condition. The
temperature difference and velocity distribution improve with the rate of fuel usage. Higher
particle velocity and temperature may improve inter-splat connection, coating porosity, and
microhardness, though larger droplet viscosity will decrease as particle temperature rises. [29].
When it comes to coating qualities, physical and chemical conditions, including pressure,
temperature, and flame velocity, are heavily affected by a variety of HVOF process factors, with
oxygen flow velocity, fuel rate of flow, spray range, and powder particle size being the most
critical.

Gas leaks may be controlled during the quick spread and quench of the splat, which might
lead to a rise in the pressure of the gas in the splat core and the formation of a lean cap on a gas
bubble. This excess hole would then boost porosity levels and lower hardness values [27]. It is
apparent from the graph that oxygen flow rate affects combustion temperatures and velocity in a
significant manner. The powders are warmed and rapidly accelerated by the combustion products
during the HVOF spraying process. When there is enough oxygen to complete the combustion of
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LPG, the flame temperature reaches its maximum. Oxygen flow velocity results in leftover
oxygen that performs as a coolant gas and, as a response, encourages a decrease in combustion
temperature [28]. By raising the flow rate of oxygen, the particle velocity and flame are also
improved. This reduces the particle's residence time in the flame and, as a function, reduces the
temperature of the molecule. Due to the excess LPG that acts as a cooling gas whenever the
oxygen production rate is much lower, the flame temperature decreases [29]. Anyway, the lower
or extreme oxygen content finds extra particles that are unmelted as a consequence of the coolant
effect that takes place in the flame. Particle rebound may occur because all of these unmelted
particles do not adhere to the material or previously accumulated surface. That decreases hardness
and increases porosity.

The consequence of the feed rate of powder (curve of F) on the response is illustrated in Figure
2(e-f). The particles that should share the thermal and kinetic energy of flame are controlled by
the variability in the powder feed rate, which also affects the particles' temperature and velocity.
When the maximum feed rate is lower, the majority of the particles melt, creating a quench
fracture that increases porosity and reduces hardness. Considering the other factors, the correct
powder feed rate, the spray particles' molten degree, and the decrease in porosity, these will
increase the hardness and reduce the porosity [28]. The differences in the consequences of spray
distances (curve D) are displayed in Figure 2(e-f). It demonstrates how hardness rises as the
distance of the spray grows to its highest level and then consequently drops. A smaller particle
velocity towards the substrate was produced by a greater spraying range, which resulted in a
coating with a lower frequency. Furthermore, by lowering the mean impact temperature change
of the dewdrop with the system, a higher volume percentage of unmelted particles is produced.
Both of these outcomes result in a significant rise in coating porosity.

According to reports, as the spray length increased, a supersonic jet continuously accelerated
the particles, despite a retarding force from the entrainment atmosphere damaging the particles.
As a result, the enthalpy of melted ceramic substances is nearly zero, and particles move more
slowly. In these circumstances, the particles contacting the substrate won't be compressed to cover
up the layers, leading to a much-reduced hardness and porosity value [29]. Reduced spray velocity
initially increased the deposition rate, but issues developed with the substantially increased heat
capacity. Coatings are hard, but quenching could cause fractures, which could also encourage
porosity and decrease hardness. When spraying at the proper distance, the gas jet delivers the
particles at a sufficient temperature and velocity. The reduction in porosity and high hardness
were obtained because the ideal temperature allowed for more efficient packing of splats and
better cohesiveness between splats [28].

Optimizing HVOF spray parameters

The surface response was computed because it was important for enhancement to identify how
important aspects affect the researched response and to create an objective of enhancing the
responses of interest to acquire optimal parameter values. Figures 4 (three-dimensional response
surfaces) demonstrate the quadratic response equation for the porosity as solid surfaces in two-
dimensional contour plots.
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Figure 4. Response graphs for coating porosity.

Figure 5(a-f) depicts the multi-direction calibration curves of the polynomial response
equation for the hardness, and Figure 5 depicts the three-dimensional response surfaces (a-f). For
any portion of the experimental domain, these response contours can aid in response prediction
(porosity and hardness) [26-29]. To graphically depict the area of the ideal factor settings, a
contour map is created. Such a plot can be more complicated for second-order answers compared
to first-order models' simple array of parallel lines. Characterizing the response surface close to a
stationary point after one has been identified is typically necessary. During characterization,
decide if the static position is a saddle point, the lowest reaction, or the peak reaction. Plotting
contours is crucial for understanding the response surface [27-32].
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As the values of the process parameters under consideration rise, the porosity drop hits a low
point and then increases, as depicted in Figure 4. The lowest porosity is evident in the response
plot's valley. According to the response graph, the LPG flow rate and spraying distance were the
main determinants of porosity. When fuel flow and spray distance are ideal, the flame reaches
greater temperatures and velocities, effectively depositing TiO, particles on the substrate.
Interlayer porosity and the percentage of defrosted particles were thus decreased.

The SEM pictures of the TiO, coating's upper layer are shown in Figure 6(a). The coating was
created at a greater fuel flow rate, as evidenced by certain agglomerates of normal size that
solidified before contact with the previously applied coating. The surface of the sprayed coating
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shows that the particles are closely integrated when it is in its ideal form, and the coating appears
to be quite dense. The micro-hardness of the coatings was significantly influenced by porosity
because higher density is produced by lower porosity. The pinnacle of the reaction demonstrates
the high hardness, as shown by the plot and three-dimensional response levels for the response
hardness from the regression analysis. As the values of the elements under examination rise, the
strength of the TiO, coating reaches its peak and then declines. The overlay plots represent the
outcomes of the graphical optimization. These plots are quite useful for selecting the HVOF spray
parameter values that would provide a certain response value for this kind of material in the TiO,
coating manufacturing sector. The regions that fulfil the suggested criteria and optimised values
are shown in the overlay plot (Figure 6(c)) as yellow-shaded areas. The fuel flow rate and spray
distance affect the coating's microhardness value. The microhardness of the TiO, coating was
measured in this investigation to be between 663 and 923 HV0.3. A dense and tougher coating
was produced when conditions were ideal.

TiOz coatings
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Figure 6. SEM morphology of TiO, coating (a) top surfaces, (b) cross-section, (c) overlay plot,
and (d) relationship between hardness and porosity.

This could be explained by a higher flame jet temperature raising the impacting particle

temperature, which then lowers the porosity level due to the interaction of cohesiveness and
produces a greater hardness. In the description above, arithmetical optimization was carried out
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by solving equations and examining the responsive surfaces' profiles, and creating related contour
plots.

The response values were calculated using the following configurations: oxygen composition
of 266 lpm, LPG composition of 68 lpm, powder feed rate of 35 gpm, and spray distance of 236
mm. The hardness value for this metric is 922 HVO0.3, while the lowest porosity value is 0.86
volume percent. Figure 6(b), which depicts the cross-sectional morphology of the titanium oxide
coating at optimal conditions, shows that the coating is extremely dense and homogenous.

Relationship between porosity and hardness

By integrating the experiment results in a straight line, it is possible to determine the relationship
between hardness and porosity (Figure 6(d)). The regression relation defines the perfect line.

Microhardness (HV) = 98.61— 68.471 ( Porosity) ©
The finding of the coefficient equation's curve (-68.471) is low, showing the hardness value
increases as permeability decreases. This estimated regression coefficient may describe 89% of
both cumulative total squares, as indicated by a coefficient of estimation (R?) = 89%. An estimated
regression equation's efficiency of fitting is judged by its coefficient of estimation, R To
calculate the average value of hardness values for the known range of coated permeability and
also to predict the inherent worth of the spraying hardness for a specific significance of spraying
porosity levels, use the regression function polynomial line equations.

The reliability of the correlation test is indicated by confidence intervals (CI) and predictive
intervals (PI). The average values of y for the given values of x serve as the interval analysis for
the confidence level. Prediction intervals are the sector that estimates a single value of y for a
particular value of x.

Instead of a particular value of covering permeability, the calculated regression coefficient
provides a ballpark approximation of the average microhardness values. Since the average values
of microhardness could be calculated with greater accuracy than the individual values, CI and PI
are distinguished from one another. By predicting the outcome of the random vector rather than
evaluating its average value, the bigger PI illustrates the enhanced uncertainty that results. Figure
6(d) shows that the interval becomes narrower as the value approaches X (2.68%).

Research conducted through experimentation shows that the porosity is typically between 1
and 4%. Generally, porosity and hardness properties are strongly correlated. The porosity
significantly affects the hardness. When the porosity and microcracks diminish, the hardness of
the coating rises significantly. Furthermore, porosity has a significant impact on hardness.

CONCLUSIONS

(1) Empirical models were utilized to predict the porosity and microhardness of TiO, coatings,
considering various spraying variables such as fuel and oxygen flow rates, powder feed rate, and
spraying distance. (2) Among the four examined HVOF process variables, the coating qualities were
found to be most influenced by fuel flow, followed by spraying distance, oxygen flow rate, and
powder feed rate. (3) Linear regression equations were developed to describe the porosity and
microhardness of the TiO, coating applied via HVOF. These relationships, established at a 95%
confidence level, offer accurate predictions for substrate porosity and microhardness of TiOs.

The coating achieved with optimal spray parameters demonstrates a lower surface porosity of
0.86 vol.% and attains a higher hardness of 922 HV compared to other coated samples. Validation
through the response graph confirms these findings. As a result, the optimized parameters for
depositing TiO, consist of an oxygen flow rate of 266 lpm, an LPG flow rate of 68 lpm, a powder
feed rate of 35 g/min, and a spray distance of 236 mm.
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