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High Velocity Oxygen Fuel (HVOF) thermal spray coating is a deposition process that is widely employed
at present to improve surfaces and the remanufacturing of components subject to severe wear, offering
an alternative to reduce the cost of spare parts and used as a substitute for electro-chromium, also gen-
erating greater thickness than chemical vapor deposition and physical vapor deposition. This study eval-
uates the influence of the projected application parameters for Cr;C, — 20(Ni20Cr) coatings on AISI 4140
steel using the HVOF technique. To do so, a 2¢ factorial experimental design was used to evaluate the
Keywords: ) effect on the thickness, porosity, surface hardness, and microhardness in the cross-section, produced
Thermal spray coating by f f th . ati | fact in the HVOF - the fuel . . -
HVOF y four of the main operational factors in the process: the fuel/oxygen (F/O) ratio entering the com
bustion chamber, powder flow, the roughness of the substrate before deposition, and spray gun speed.
The morphology of the Cr;C, — 20(Ni20Cr) powders and the microstructure of the coatings were studied
through a scanning electron microscope and energy dispersive spectroscopy, while the composition were
analyzed by X-ray diffraction. It was determined that: (i) the F/O ratio is the operation parameter with the
most significant influence on the properties studied; (ii) the gun speed has a significant effect on the
thickness generated and porosity; and (iii) the powder flow and roughness of the substrate have a greater
effect on the surface hardness and microhardness. Finally, it was determined that coatings with great
thickness, low porosity, and great hardness, ideal for the recovery of parts, can be achieved from a F/O
ratio of 0.45 and a powder flow with the system feeder rotating at 12 rpm, applied to a substrate with
a roughness of R, = 18 um, combined with a spray gun speed of 5 mm/s.
© 2023 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Experimental design
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1. Introduction There are different techniques to produce functional coatings

that are resistant to wear and tear and corrosion, which can be

There is currently an increasing trend towards products with
shorter useful life and industrial waste which adds further com-
plexity to the task of protecting the environment [1]. Surface engi-
neering and additive manufacturing techniques can provide
solutions aimed at reusing components with a substrate at a lower
cost and reduced environmental impact, through the application of
a coating with sufficient thickness and quality to recover the initial
geometry lost due to severe wear and tear, which also helps reduce
time, costs, and energy consumption, in comparison to the manu-
facturing of a new component [2,3].
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applied to different shaped objects. In particular, the high velocity
oxygen-fuel (HVOF) technique projects a powder at high super-
sonic speed generated by an increase in pressure from the combus-
tion of kerosene and oxygen, adhering to the substrate through
plastic deformation [4,5]. This process achieves highly adherent
coatings, with low porosity (< 2%), high microhardness
(> 800HV) [6,7], good resistance to corrosion [8-10], and great
thickness (> 200 pum) [11-14], which is why it is currently used
in the industry to recover mechanical components such as tools,
valves, turbine blades, axles, or decorative surfaces [15-19].

This technique is complex by nature and involves a large num-
ber of operating parameters that affect the formation of the coat-
ing, its microstructure, and mechanical properties. The effect of
these parameters must be known in order to maximize thickness

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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[3,20,21], decrease the presence of porosity in the coating, and
obtain an adequate adherence to the substrate and cohesion
among the sprayed layers. This helps avoid nucleation and the
development of cracks that compromise quality [22-24] and guar-
antees that the mechanical properties are preserved during the
processing cycle and use of the component [25,26]. Increase sur-
face hardness to avoid wear and tear [26-28].

The microhardness in the cross-section of the coating helps us
to know the state of some mechanical properties, such as Young’s
modulus and Poisson’s ratio, since they follow the same trend [29].
In addition, it is a technique that allows us to achieve the coating
quality without the difficulties of large sample sizes required in
conventional mechanical tests on cylindrical parts applied in the
industry [30]. This justifies the study of processing parameter’s
effect on the coating quality using process mapping methodologies
[31,32] and experimental design [33-35] to achieve an application
protocol, control model, and process optimization.

The effect of the variables associated with HVOF application on
the physical and mechanical properties of coatings has been stud-
ied in literature with different experimental designs; Clavijo et al.
[36] studied the influence of the fuel/oxygen (F/O) ratio, gun spray
distance, and powder feed rate (PFR), on the speed and tempera-

ture of the TiO, particles projected, using 2° factorial designs; the
first to study the effect on the speed and temperature of the parti-
cles, and the second with the same parameters at different values
for the study of splats formed on the coating surface. In addition to
these three input variables, Khan et al. [37] also analyzed the effect

of thickness in a 2* factorial design on properties such as micro-
hardness, contact angle, and cross-section porosity in WC — 12Co
coatings over AISI 4340 steel. In particular, the microhardness of
the coating depends on the placement of splats and dispersion of
phases in the coating, since a better distribution of splats and
phases generates greater microhardness and better quality of the
coating [38,39].

Meanwhile, ]. Singh et al. [40] used Taguchi orthogonal factorial
designs to study the behavior of coating wear and tear, for both
WC — 10Co — 4Cr and Ni — 20Cr,03 over SS304 steel. In the case
of Cr;C, — 25(Ni20Cr) coatings, the optimization method has been
studied by Varis et al. [41] to understand the behavior of the stoi-
chiometry parameters in combustion on the fatigue of these coat-
ings applied to S355J2G3 structural steel. The studies of this
coating have been oriented to optimize its wear and fatigue resis-
tance, proving that this material is suitable for high-wear applica-
tions. However, further studies on the optimization of
manufacturing based on remanufacturing and component recovery
capacity, evaluating the densification and thicknesses are essential
to achieved industrial applications.

Nickel-chromium based coatings are widely used in the indus-
try for the remanufacturing of components [3,42] thanks to the
excellent resistance to corrosion, higher than that seen for tung-
sten carbide coatings [8,43], and their resistance to wear and tear
exceeds that of electro-chromium. It is also possible to apply these
to different types of steel. The wide acceptance of AISI 4140 steel
makes it one of the most widely used steels. It uses in manufactur-
ing rollers, turbines, and transmission shafts for the mining,
energy, automotive, and oil industries [44,45].

However, despite numerous studies related to the properties of
Cr3C, — (NiCr) coatings over stainless [46-48] and low-carbon
steels [7,22,38,49], there are no optimization studies by experi-
mental design for nickel-chromium based coatings on this type
of steel.

This study proposes to evaluate the effect of the process vari-
ables in the deposition of Cr;C, — 20(Ni20Cr) coatings over an AlSI
4140 steel substrate using the HVOF technique. We aim to gener-
ate hard coatings with thicknesses over 100 pm, low porosity

Engineering Science and Technology, an International Journal 39 (2023) 101342

(< 2%), and high microhardness (> 800 HV) to obtain dense and
good-quality coatings that can be used for recovering components
of cylindrical geometries with large dimensions, such as shafts,

rods, piston rings, among others. For this, a 2* factorial design is
proposed to evaluate the main effects and combined effects of
the powder feed rate, gun speed, fuel/oxygen ratio, and roughness
of the substrate on porosity, adherence, hardness, and final
thickness.

2. Materials and methods

This study used Cr3C, — 20(Ni20Cr) powder with a size distribu-
tion of 45 + 15 pum supplied by Sulzer Metco, USA (Woka 7102).
The initial powder was characterized using Scanning Electron
Microscopy (SEM), FEI QuantaTM 250 FEG SEM,equipped with
energy-dispersive X-ray spectroscopy (EDS) for the analysis of local
distribution and area of metallic and non-metallic elements in a
powder particle. The images obtained from the powder surfaces
were taken using 20 kV accelerating voltage. The phases found in
the powder were obtained through X-ray Diffraction (XRD) using
a STOE STADI MP diffractometer, a radiation of CuKo_1
(4 =0.15406 nm), one step from 0.02°, and a permanence time
ranging from 30°to 70°at 26.

2.1. Experimental design

This study used a 4-variable and two-level (2*) factorial design,
to evaluate the effect of each of the variables on (i) thickness, (ii)
internal porosity, (iii) surface hardness, and (iv) microhardness in
the cross-section of the coatings deposited. For this, the following
variables were taken: the fuel/oxygen ratio (A), the powder flow
rate (B), the roughness of the substrate before application of the
coating (C), and gun speed (D). The two levels used, as well as
the parameters that remained constant, are shown in Table 1.
The fuel/oxygen ratio and flow rate were chosen thanks to their
strong influence on quality, residual tension, and coating thickness
[50,51]. Roughness, on the other hand, is closely related to coating
adherence and the formation of splats of the projected particles
[52], while the longitudinal gun speed was considered because
the goal is to reduce coating application times without sacrificing
quality, therefore this must be studied in order to propose an opti-
mal level.

For all statistical analysis, the Statgraphics®Centurion XVIII
software was used. A prediction model was prepared for each of
the output variables using the linear first order equation, with
interactions:

K
V=BoXi+ D _BXi+ Y > Pikixi+ € (M
i=1

i>i i=1

where j represents the output variable to be predicted, x; represents
the respective variable of each regression coefficient g obtained, and
€ is a term of random error.

Table 1
Summary of the experimental design and results of HVOF coatings.
Level
Variables Low (-1) High (+1)
Fuel/oxygen ratio (F/O) 0.3 0.45
Powder flow [rpm] 12 20
Surface roughness Ra [um] 18 28

Gun speed [mm/s] 5 15
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2.2. Coating application conditions

The deposition was performed using a JET4L-100 liquid fuel
HVOF spray gun. The deposition conditions were established
through the experimental design with the levels shown in Table 1.

The F/O was obtained through the ratio:

F/O— Kerosene flow [ml/min]
~ oxygen flow [I/min]

In the case of powder flow, a Metallisation®model 2007 MF-PF
powder feeder was used. The powder was fed volumetrically using
a disc with perforated holes around the circumference. An inverter
controls the revolutions per minute (rpm) of the disc and a mass
flow meter controls the gas carrier flow that transports the powder
to the chamber. Both devices are connected to a programmable
logical controller. For powder parameters, the powder flow regula-
tion variable used was rpm of the feed disc such that, for a single
gas carrier flow, a greater feed disc speed would generate a greater
powder flow. It should be noted that for all applications, the pow-
der used came from the same commercial container to avoid vari-
ability in the system.

Prior to the coating process, the surface was shot peened with a
hardened grade 4 steel grit. Using a roughness tester PCE-RT 10,
measurements were made at 0°, 120°, and 240° around the circum-
ference of the cylindrical tube to ensure homogeneous values.

Finally, the fourth variable is the longitudinal speed of the gun
as it moves longitudinally through the lathe with the cylinder
mounted.

In the applications, all other variables remained constant at the
characteristic values recommended by the machine manufacturer,
such as, gas carrier flow and spray distance, maintaining an initial
substrate temperature of 50 °C, and projecting 10 layers at an angle
of 90° to generate thicknesses of around 100 pm.

2)

2.3. Microstructural characterization of the coatings

The powder was deposited over AISI 4140 steel cylinders with a
diameter of 110 mm and 10cm long. Samples of 1cm® were
obtained with a coated curved surface. This is due to the objective
of manufacturing and remanufacturing curved surfaces found in
shafts, rods, or pistons [53,54]. Due to the angle of impact of the
particles of the deposited material, they behave differently when
deposited on the substrate, affecting its final properties [55].

The coating cross-section surface was prepared for metallogra-
phy analysis using a grinding and polishing sequence according to
the ASTM E3-11 standard. The treated section was analyzed
through the SEM using images of backscattered electrons (Circular
Backscatter Detector, CBS) and an accelerating voltage of 20 kV to
characterize the status of the coating and substrate and to obtain a
better contrast between the phases present in the coating.

Micro X-ray Diffraction ((XRD) analysis was then performed on
the coated section (surface and cross section) with a capillary of
1 mm, with the aim to study changes in coating composition after
deposition. The pXRD patterns were obtained with a D8 DISCOVER
diffractometer equipped with a 2D detector model VANTEC-500
(Bruker, Germany), using CuKe_1 radiation (2 = 0.15406 nm) and
a step size of 20°; the scan was recorded in the 260 range comprised
from 20° to 60° and a time per step of 10 min, with tube conditions
of 40 kV and 40 mA. Thus, three frames were collected, each frame
being about 20 min. Each frame allows seeing a range of about 30°
20. After integrating the frames, diffractograms in the range 30° to
70° were obtained for analysis.
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2.4. Characterization of thickness

To ensure a representative measurement of the coating thick-
ness, 3 images were taken of different sections of each sample
obtained in each experiment, using SEM images at 500x to deter-
mine the coating end edges. In each image, 3 different measure-
ments were obtained, and measurement were repeated 3 times
to take the average and calculate the standard deviation.

2.5. Characterization of porosity

To estimate the porosity, 3 SEM images at 1000x and 3 images
at 2000x of each sample were used, taken from 3 different sections
of the coating. The images of the sections were converted to binary
format using the Image]®software [56], obtaining the percentage of
totally black area in the coating section in relation to the total sur-
face of the selected section, and this was defined as the porosity
percentage. This process was repeated 3 times for each measure-
ment, and all measurements of a sample were averaged to calcu-
late the standard deviation. The defects were characterized
qualitatively with the same images.

2.6. Characterization of surface hardness

To evaluate the surface hardness on the Rockwell C (HRC) scale,
a Rockwell TH320 (Times, China) Durometer was used with a load
of 150 kg for 10 s, according to the ASTM E18-17 standard, taking
the total average of 6 indentations by sample linearly along a plane
tangential to the coated curved surface. Based on the results, the
effect on interface adhesion, density, thickness, and cohesion over
the substrate-coating ensemble was studied indirectly.

2.7. Characterization of microhardness

Performing microhardness in the cross-section of the sample
allows us to evaluate the intrinsic characteristics of the isolated
coating, consisting of hard particles and the binder material. On
the other hand, surface hardness evaluates coating-substrate
assembly behavior indirectly by assessing adhesion, density, thick-
ness, and cohesion [57]. When a spherical indenter is placed on the
surface, the generated stress at the interface, if sufficient, can over-
come adhesion resistance or cause damage due to low cohesion
[58].

The microhardness in the cross-section of the coated samples
was analyzed through a microindentation profile from the coating
surface to the substrate, using a Vickers (MVK-HVL, Akashi) micro-
durometer with loads of 200 and 25 gf for F/O ratios of 0.45 and 0.3
respectively, with a 10 s maintenance time. This difference in load
is because coatings with a F/O of 0.3 were not thick enough to per-
form indentations with a higher load. Three indentation profiles
were prepared for each coating, obtaining the average measure-
ments. Moreover, an indentation profile was prepared in the inter-
face of the substrate coating with loadings of 50, 100,200, 300, 500
and 1000 gf to study adhesion, and this process was repeated 3
times for each sample. The distributions of micro-hardness were
plotted using individual readings measured for the coating with
the same interval along three parallel lines spaced (i.e. 0.5 mm)
from one another which, as such, they will represent the averaged
distribution of the micro-hardness of the coating, measured from
surface layer of the coating up to substrate material.
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3. Results and discussion
3.1. Characterization of the powder

The powders used present a spherical morphology and are com-
posed of a subset of agglomerate particles, as observed in the CBS-
SEM images (Fig. 1). The analysis performed using the composi-
tional map (mapping) in Fig. 1d confirms the chemical composition
of the powder and evidence the presence of Ni in the clear gray
zone as an agglomerating phase in the irregular sections that join
the C and Cr particles corresponding to chromium carbide, which
are seen as dark gray zones.

The XRD obtained for the CrC — 20(Ni20Cr) powder used for the
coatings is shown in Fig. 2. The diffraction peaks of Cr3C, (space
group symmetry Pnma (No. 62)) and Ni (space group symmetry
Fm-3m (No. 225)) were the main phases identified. This is consis-
tent with the compounds indicated by the manufacturer, and
phases were found in a lower proportion such as in Cr;Cs (space
group of PMCM (No. 51)) and Cr,3Cs (space group symmetry Fm-
3m (No. 225)), according to literature [49,6].

The summary of the properties evaluated (porosity, thickness,
surface hardness, and microhardness) corresponding to the appli-
cation performed in the 2* experimental design (16 samples), can
be found in Table 2. In the case of thickness and porosity, both
measured through SEM, their values vary between 20 and
274 pm and 1.4 and 33%, respectively, while the surface hardness
and microhardness ranges from 14 to 43 HRC and 495 to 930
HV, respectively.
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Fig. 2. Cr;C, — 20(Ni20Cr) Powder X-ray diffraction pattern.

3.2. Microstructural characterization of the coatings

Based on the CBS-SEM images obtained from the cross-section
of coatings in 16 samples (Fig. 3), it was determined that, in all

Fig. 1. CBS-SEM images of Cr;C, — 20(Ni20Cr) powder (a) 500x, (b) 8000x, (c) 30,000x and (d) compositional mapping at 5000x.
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Table 2
Summary of the experimental design and results of HVOF coatings.

Engineering Science and Technology, an International Journal 39 (2023) 101342

Application F/O Powder flow Substrate Gun Coating Porosity Surface Microhardness
[rpm] roughness speed thickness [%] hardness [HVo2]
Ra [pm] [mm/s] [pm] [HRC]
1 0.3 12 18 15 29.48 +9.68 31.38 +4.08 26.1 £2.27 599 #3523
2 0.3 12 28 15 23.20 +2.04 8.16 +2.20 24.8 +1.66 495 +23.69
3 0.3 20 28 5 21.54 +4.02 27.77 +6.61 294 +1.63 509 #*21.59
4 0.45 20 18 15 99.28 +6.59 1.63 +0.49 30.6 +3.44 764 3451
5 0.45 12 28 5 132.76 +13.01 1.62 £0.33 33.7 +2.46 895 +27.86
6 0.45 12 28 15 63.40 +8.70 2.09 +0.49 27.8 +4.00 875 +17.11
7 0.3 12 18 5 25.95 +1.99 2447 +343 254 +£0.77 611 +61.61
8 0.3 12 28 5 28.89 +2.58 21.94 +0.90 22.6 £2.00 499 *13.93
9 0.45 20 28 15 38.80 +8.08 234 +0.37 26.2 +5.01 699 =+ 59.56
10 0.45 20 28 5 126.92 +11.47 4.22 +0.61 415 +1.20 741 +5040
11 0.3 20 18 5 20.01 +3.01 27.33 +8.57 26.5 *3.61 614 +14.39
12 0.3 20 28 15 35.35 +0.96 32.71 +437 31.8 +1.39 482 +28.00
13 0.3 20 18 15 48.12 +2.34 19.16 +4.20 27.2 £3.56 570 +63.07
14 0.45 20 18 5 273.77 £10.26 144 +0.12 42.8 +0.78 910 *34.38
15 0.45 12 18 5 147.80 +29.22 1.91 £0.20 329 +332 881 +23.70
16 0.45 12 18 15 63.18 +2.05 3.74 +033 14.0 £1.57 832 +83.22

Fig. 3. CBS-SEM images of coating cross-section at 2000x.

cases, there is a homogeneous distribution of phases, where the
light gray area is made up of Ni and the dark gray section of Cr-
carbides.

It should be noted that samples 4, 5, 6, 9, 10, 14, 15, 16, corre-
sponding to a F/O ratio = 0.45, presented a more homogeneous
coating as shown in Fig. 3. The other samples with a F/O ratio = 0.3
have poor quality, evidenced by discontinuous and insufficient
thickness, as well as particles breaking off from the coating as a

sign of lack of cohesion, as seen in samples 1, 2, 7, 8, 11 and 12,
as well as the presence of cracks in samples 3 and 13, which, in
some cases, caused the layer to detach. Despite this, there is no evi-
dence of cracks in the interface of any of the samples, which shows
a good potential adhesion of the powder to the steel. It is observed
that the substrate used has a high level of porosity in all specimens.

In some samples, such as sample 10, it can be seen that the
coating, despite achieving an adequate level of thickness, has inter-
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nal porosity greater than 2% due to a lack of cohesion among the
particles, which could affect the mechanical performance of the
substrate-coating compound. Through SEM images and the sum-
mary of results in Table 2, it is clear that the variations in the HVOF
operation parameters have different effects on the coatings, mak-
ing it necessary to statistically investigate the effects related to
these parameters. The results obtained from the statistical analysis
are discussed in the following subsections.

3.3. Influence of application parameters on thickness

This work was carried out to obtain coatings of 100 pm thick-
ness or more; however, achieving a greater thickness indicates that
this is a more efficient process by having a greater number of pow-
der particles deposited on the coating. The ANOVA study per-
formed for the purpose of maximizing thickness is shown in
Table 3 for the F/O ratio (A), powder flow (B), surface roughness
(C), and gun speed (D) factors. The analysis reveals that the F/O
ratio (A) and gun speed (D) are statistically significant factors
because they have a P,q,. < 0.05. This indicates that the variation
in these two factors has a greater influence on thickness, with fac-
tor A being the most significant with a lower P ,qpe.

This can be better appreciated in the Pareto chart shown in
Fig. 4a, where the red line represents the line of significance, show-
ing that the factor with the greatest importance is the F/O ratio, fol-
lowed by the combination of the AD factors. This interaction
indicates that the A and D factors are not independent, as shown
in the combined effects graph in Fig. 4b. When the F/O ratio is at
its lower level, a greater thickness is achieved with a low gun
speed. However, there is no difference in this value, as occurs when
changing the F/O to the higher level, where it is seen that a lower
gun speed achieves a more positive effect in the coating thickness.

Engineering Science and Technology, an International Journal 39 (2023) 101342

Modifying the F/O ratio helps to generate a combustion process
that will deliver greater kinetic energy and raise the temperature
of the sprayed powder [59], enabling the particles to reach a
semi-melted state. This facilitates the plastic deformation upon
impact with the substrate, obtaining greater adhesion and cohe-
sion of the coating. A process that is richer in fuel (F/O = 0.45)
allows for a greater thickness.

In the case of speed, a lower speed means that the gun will
spend more time in the same area of projection, depositing a larger
amount of powder over the coating and, therefore, generating a
greater thickness.

Fig. 5 shows the response surfaces obtained from the prediction
model with a Ridjusted = 82.28%, where, based on Eq. (1), the follow-

ing was obtained:

73.65 + 44.6X1 + 9.3X2 — ]4.8){3 — 23.6X4 — 13X1X3
—28.5x1x4 — 12.5x%,%3

Y= 3)

Fig. 5a exhibits the interaction of the F/O ratio with powder
flow, where there is a clear upward trend in thickness with a pow-
der flow of 20 rpm. It also evidence that this factor is completely
independent from the F/O ratio, since there is no curvature on
the surface, as opposed to surface roughness (Fig. 5b), where there
is an interaction between A and C, and it shows a tendency to max-
imize thickness when there is a low roughness and high F/O ratio.

This same interaction of factors is found between A and D
(Fig. 5¢) and between B and C (Fig. 5d). In this last case, there is
a tendency to maximize thickness when the B factor is at the high-
est value and C at the lowest, coinciding with the previous graphs.
Fig. 5e and f indicate that the gun speed is independent from pow-
der flow and surface roughness, where a lower gun speed tends to
maximize thickness.

Table 3
ANOVA results for thickness.
Factors SS DF MS F P,alue
A 31806.00 1 31806.00 38.22 0.0003
B 1389.98 1 1389.98 1.67 0.2323
C 3502.57 1 3502.57 4.21 0.0743
D 8875.05 1 8875.05 10.66 0.0114
AC 2692.83 1 2692.83 3.24 0.1097
AD 13016.00 1 13016.00 15.64 0.0042
BC 2510.26 1 2510.26 3.02 0.1206
Error 6657.63 8 832.20
Total 70450.30 15
SS: sequential sum of squares, DF: degree of freedom, MS: mean square, F: statistical test.
' ' : : ' 180 ' g
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Fig. 4. (a) Pareto chart for thickness, and (b) Graph of the interaction between speed and F/O ratio for thickness.
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Table 4
ANOVA results for porosity.
Factors SS DF MS F P,alue
A 1890.73 1 1890.73 230.37 0.0000
B 28.33 1 28.33 345 0.1055
C 6.52 1 6.52 0.79 0.4025
D 5.63 1 5.63 0.69 0.4349
BC 127.52 1 127.52 15.54 0.0056
ABC 73.57 1 73.57 8.96 0.0201
BCD 68.43 1 68.43 8.34 0.0234
ABCD 74.43 1 7443 9.07 0.0196
Error 57.45 7 8.21
Total 2332.61 15
SS: sequential sum of squares, DF: degree of freedom, MS: mean square, F: statistical test.
T T T T ' 18 T T T T T T
A 0 +
- o ]
BC 16
ABCD § 144 |
ABC =
2124 —
BCD o
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B= Powder Flow
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Fig. 6. (a) Pareto chart for porosity, and (b) Graph of the interaction between surface roughness and powder flow for porosity.

3.4. Influence of application parameters on porosity

The CBS-SEM images of the cross-section in Fig. 3 show a micro-
porosity found in all coatings with the exception of samples 4, 10,
15 and 15. This is possibly caused by the segregation of carbides
without an agglomerating matrix Ni to promote the formation of
cavities between particles. Moreover, all coatings show a low level
of particle cohesion in the area closest to the coating surface, due
to the lack of deformation of the last particles projected during
the spray process as a result of the absence of a hammering action
of other particles that would have a later effect [60].

The result of the ANOVA study (Table 4) exhibits that the F/O
ratio is the only independent factor with a significant effect
(Pyaue < 0.05). It is also the case that some combined effects such
as BC, ABC, BCD, and ABCD are statistically significant. As men-
tioned, the F/O ratio directly influences the energy given to the
powder and, therefore, the degree of deformation of the particles,
making a denser coating. In this instance, the roughness creates
initial conditions for the first sprayed layer to achieve good adhe-
sion, with stable support for the following layers. The quantity of
mass deposited in the system depends on the gun speed and pow-
der flow, producing, as a result, along with other variables, a signif-
icant effect.

The Pareto chart in Fig. 6a exhibits that the main C and D vari-
ables are not significant on their own and that, despite the effect of
combined parameters, the F/O ratio is the value with the most sig-
nificant importance to obtaining a reduction in porosity, since the
ratio of 0.45 gives the powder particle greater energy for these to
adhere to the coating and get higher thickness values and lower
porosity. This indicates that there is better cohesion and adhesion
of the coating generated.

The powder flow, despite having a P,q. > 0.05, is more signif-
icant in the porosity than in the thickness and appears in all signif-
icant combined effects, therefore it is considered for the prediction
model obtained according to Eq. (1):

5/ = 13.2-10.9%; + 1.3x; + 2.8%3%3 — 2.1X1X2X3 + 2.1XX3X4
—2.2X]X2X3X4

(4)

with a R2y;,.g = 94.72%. The BC effect is shown as the combination
of parameters with a higher prediction coefficient (2.8). The graph
in Fig. 6b shows that, with a high surface roughness value, the lower
powder flow generates lower porosity. However, the surface rough-
ness at the lower level results in a denser coating combined with a
higher powder flow, which matches the plot in Fig. 5d, and indicates
that this combination also produces thicker layers.

Fig. 7a-c show the response surface by analyzing the F/O ratio
in combination with other parameters. These results confirm that
this factor, at the upper value, produces a reduction in porosity
in all cases and has a much greater effect than the others. Fig. 7d
evidence the above mentioned combined effect, where there is a
green area on the response surface that is larger for powder flow
(negative) and substrate roughness (positive), but also, a green
area for powder flow (positive) with a surface roughness at its
lower value. Then, Fig. 7e and f show nearly no slope on the sur-
faces, indicating that these parameters in combination have no rel-
evant effect on porosity.
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Table 5
ANOVA results for surface hardness.
Factors SS DF MS F P,alue
A 79.55 1 79.55 10.01 0.0101
B 149.35 1 149.35 18.79 0.0015
D 134.12 1 134.12 16.87 0.0021
AD 212.55 1 212.55 26.74 0.0004
ABC 63.98 1 63.98 8.05 0.0176
Error 79.48 10 7.95
Total 719.03 15
SS: sequential sum of squares, DF: degree of freedom, MS: mean square, F: statistical test.
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Fig. 8. (a) Pareto chart for surface hardness, and (b) Graph of the interaction between speed and F/O ratio for surface thickness.

3.5. Influence of application parameters on surface hardness

The results of the ANOVA study (Table 5) show that the main
factors are A, B, and D, while the combined factors AD and ABC
are significant (P,qu. < 0.05). The Pareto chart in Fig. 8a exhibits
the most significant factor as AD interaction. This interaction
between F/O and gun speed is also a significant factor for thickness.
However, unlike thickness and porosity, the independent F/O ratio
parameter is not the most influential parameter. In fact, powder
flow and gun speed have a lower P4, which means that they have
a greater effect on this variable studied.

The C factor is discarded for the prediction model since this has
little significance and was added as degree of error, resulting in the
following model according to Eq. (1):

Y =29+2.2x; +3.1x; — 2.9x4 — 3.6x1X45 — 2X1X2X3 (5)

where only the parameters shown in Table 5 are used with

Rgdjmd = 83.42%. This equation shows that all coefficients are close
values, indicating their high level of dependence.

Fig. 8b exhibits the interaction graph for the AD factor where,
with a F/O ratio of 0.3, the effect of gun speed is lower. However,
when the F/O ratio is raised to 0.45, the change in speed generates
a significant effect on surface hardness, achieving a higher value
with a speed of 5 mmy/s. This is because a low speed and a high
F/O ratio generate greater coating thickness, which gives the
substrate-coating compound a better structural resistance since
it has a greater proportion of hard material.

In the graph on the response surface of hardness as a function of
the A and B parameters (Fig. 9a), the absence of curvature can be
seen, which indicates that these two factors are independent. Like-
wise, as the F/O ratio increases, the powder flow also increases the
hardness value. Fig. 9b shows a surface curvature where there is a
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change from the green area to the blue area, indicating greater
hardness when the F/O ratio rises and the gun speed drops.

Finally, Fig. 9c exhibits a surface without curvature between the
powder flow and gun speed, indicating independence in the fac-
tors. Once again, an increase in the coating properties is seen when
the powder flow increases and the gun speed decreases.

3.6. Influence of application parameters on microhardness

The optical microscopy images in Fig. 10 show the profile of
indentations made from the coating surface to the substrate and
carried out on the interface. When using a load of 200 gf over
the coatings with a F/O ratio = 0.45, a larger size imprint is made
than those produced with 50 gf, as shown in Figs. 10b and 13c.
The highest load allows for values that are closer to the actual
value of the coating, with less variation among the indentations.
To these coatings with greater thickness and density, loads of up
to 1000 gf are applied on the interface without cracking, indicating
excellent adhesion.

For the case of less thick coatings, corresponding to the F/O
ratio = 0.3, the load of 50 gf generates measurements for compar-
ing them and obtaining the effects of the variables on these
coatings.

It should be noted that the AISI 4140 steel substrate, unlike the
coating, is a more ductile material, and has a larger area indenta-
tion than the coating and zones where the material moves, as
shown in Fig. 10a, due to the profile of the forces to which it is sub-
ject thanks to the insertion of the indenter. This may be understood
through the difference in hardness that, in the case of the sub-
strate, is 270 &+ 10.60 HV on average, while for the coating is up
to 910 + 34.38 HV. In the case of the interface, microhardness rep-
resents 63 + 7.07% of the microhardness of the coating.



S. Sauceda, S. Lascano, J. Niifiez et al. Engineering Science and Technology, an International Journal 39 (2023) 101342

o o
[T
- -3
» »
g 8
£ :
£ £
o o
8 8
£ £
(%] w
E 3¢ : o
F/O 0.45 ?osﬂ F/O 045" o
Hold values Hold values
(a ) Surface Roughness (um) 70 ( b) Powder Flow (rpm) 16
Gun speed (mm/s) 10 Surface Roughness (um) 70

Surface hardness (HRC)

18 -
Powder Flow (rpm) 20 o

Hold values
(C) F/O 0.375
Surface Roughness (um) 70

Fig. 9. Surface hardness response surface based on: (a) powder flow and surface roughness, (b) powder flow and gun speed, and (c) surface roughness and gun speed.

(b)

Indentation profile

Interface indentation

—

Fig. 10. (a) Optical microscopy of microhardness profile in sample 14, (b) Microindentations profile of sample 14 with HV0.2 scale, and (c) Microindentations profile of
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Table 6

ANOVA results for microhardness.
Factors SS DF MS F P,alue
B 9900.25 1 9900.25 5.41 0.0451
C 21462.30 1 21462.30 11.72 0.0076
D 7396.00 1 7396.00 4.04 0.0754
AB 7225.00 1 7225.00 3.94 0.0783
BC 4489.00 1 4489.00 245 0.1519
Blocks + A 307470.00 1 307470.00 167.88 0.0000
Error 16483.30 9 1831.47
Total 374425.85 15

SS: sequential sum of squares, DF: degree of freedom, MS: mean square, F: statistical test.

To perform the statistical study of the results obtained, two
blocks generated by the A factor were used, because the F/O ratios
is the factor that most greatly influences thickness and, therefore,
the load of indentation applied. This will allow for the comparison
of all coatings and calculation of the effect of the variables com-
bined with this factor, despite being measured with different loads
and not being able to calculate the pure effect of factor A.

Table 6 exhibits the results of the ANOVA study, where the B
and C factors are significant (P, < 0.05) just like the blocks
factor.

The Pareto chart in Fig. 11 confirms that the surface roughness
is more significant, followed by powder flow. Moreover, AB and BC
are the combined effects with greater significance, with a
P,awe > 0.05, and are considered in the prediction model. It should
be noted that all factors are negative, which indicates that both B
and C at their lower level help maximize the microhardness of
the coating. In the case of roughness, while there are some authors
that mention that an increase in roughness leads to greater adhe-
sion [25], this is only applicable to roughnesses of Ra < 7 pm, since
at higher roughnesses, this parameter is no longer significant for
adhesion [61]. In this study, the higher surface roughness value
(Rs = 28 um) makes the opposite effect; the coatings tend to gen-
erate a lower coating adhesion, demonstrated by greater thick-
nesses and low porosity, which causes microhardness to drop.

The large-activated area of the colliding powder particles and
the roughness of the substrate surface tends to promote mechani-
cal interlocking [62]. Large surface roughness value does not pro-
mote adhesion due to non-uniform stress and temperature
distributions at the interface between the particle and the sub-
strate [63].

Splat formation is enhanced when the powder flow is con-
trolled. If the flow is too low, the particles can heat up excessively

C
B

0

' ' A= F/O

| ‘ B= Powder Flow

. , C= Surface
roughness
D= Gun Speed

0 1 2 3 4

Standardized effect

Fig. 11. Pareto chart for microhardness.
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and cause metal reduction process that result in carbide agglomer-
ation and crack formation. Furthermore, if too much powder is
added, the particles will not be able to enter a semi-fused state,
preventing them to deform and adhere to the coating [64].

Therefore, powder flow and surface roughness are intimately
related to coating interfaces and cohesion. Having particles adhere
better to the substrate and each other results in higher densifica-
tion and microhardness coatings.

It is known that the value of microhardness increases due to the
high density, low porosity, and high resistance to cohesion [27],
and that the parameter with the greatest significant effect on these
properties in comparison to the other parameters is the F/O ratio,
which yields better results at its lower value. It is inferred that,
despite the fact that this factor is confused with blocks, it generates
the main effect due to this combined effect (blocks + A), so it is con-
sidered that the F/O ratio is also significant and, therefore, is added
to the prediction model, to obtain according to Eq. (1):

j/ = 696.8 + 1386){1 —249x; — 36.6X3 —10x4 — 21.3X]X2 (6)
716.75X2X3
with a R%;,..q = 92.7% where, the coefficient of the factor x; which

represents the F/O ratio, is positive, showing that microhardness,
represented by y, will increase when this parameter is at its upper
limit.

Fig. 12a shows the response surface of microhardness as a func-
tion of powder flow and surface roughness, where a slight curva-
ture is observed, marking a green zone of reduced microhardness
when these two parameters are combined at their upper level,
and the same is increasing when they are at their lower level.
Fig. 12b exhibits a surface without curvature, indicating that the
gun speed and powder flow are entirely independent and with
the maximization of microhardness when both are at their lower
value. This response surface behavior is similar to surface rough-
ness and gun velocity observed in Fig. 12c microhardness maxi-
mization when both are at their lower value.

3.7. Selection of parameters

For the selection of optimal parameters according to this study,
the effect of these on each of the properties measured has been
analyzed.

In the case of the F/O ratio, there is a large influence on thick-
ness, achieving coatings greater than 100 um in all cases where
F/O = 0.45. For this same factor level, porosity is reduced by up
to 95.6%. Using the uncoated substrate hardness (20 HRC) as a ref-
erence, the coatings with a greater increase in hardness are 7 and
14, doubling the value to 41 and 43 HRC respectively. Both samples
coincide with a F/O ratio at the higher level.

For powder flow, in the case of thickness and porosity, it is not
significant in either of the two properties, although, when studying
the response surfaces, this factor generally tends to maximize
thickness and minimize porosity where the powder feeder is deliv-
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Fig. 13. Microhardness profile of sample 14.

ering a greater amount of powder (20rpm). This parameter also
tends to produce a greater thickness, making it significant in this
property and producing an increase of up to 114% over the
substrate.

In the case of microhardness, powder flow is also significant,
with a tendency to maximize the value when the feeder spins at
12 rpm, although the main effect on this property is substrate
roughness, delivering a greater microhardness with a R, = 18 um,
whose value tends to produce greater thicknesses.
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Table 7

Parameters and summary of sample 14 properties.
Parameter Value
F/O Ratio 0.45
Powder flow [rpm] 20
Roughness Ra [um] 18
Gun speed [mm/s] 5
Properties
Thickness [um] 273.77 +10.26
Porosity [%) 144 +0.12
Surface hardness [HRC] 428 +£0.78
Microhardness 910 +34.38

When analyzing gun speed, a speed of 5 mm/s makes signifi-
cantly greater thicknesses. Moreover, this parameter interacts pos-
itively with the F/O ratio = 0.45, which also affects porosity. This
effect is also repeated for surface hardness, where an increase in
speed causes a decrease of 14% on average in surface hardness.

For these reasons, the parameters in Table 7 are selected, and
which also shows the properties of sample 14 which correspond
to optimal factors. Fig. 13 exhibits the hardness profile found in
this sample throughout its cross-section. The SEM images for this
sample confirm a high densification of the coating (average poros-
ity of 1.44%), with greater thickness (~ 274 pm), and homogeneous
properties in its cross-section, with no discontinuities.

An inspection of the diffractogram of the coating deposited on
sample 14, shown in Fig. 14, reveals that the compounds identified
in the powder diffractogram (Fig. 3) are maintained. It is shown
that there is an amorphization of the structures evidenced by
wider peaks; this may be because there is a high plastic deforma-
tion of the projected powder particles. Additionally, peaks are
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detected at angles 33.6°, 37.7°, 62.1°, and 62.8°, corresponding to a
higher presence of Cry3Cs. This is caused by the elevated tempera-
tures subjected to the filler material during the process. However,
no evidence of substantial changes in the power structure that
could modify the macroscopic properties of the coating is found.

Experimental 2* has been determined to be an adequate design
for improving hard coatings deposited by HVOF at an industrial
level. The effect of operation parameters, such as F/O ratio, powder
flow, substrate roughness, and gun speed, is related to the relevant
properties for final application, such as thickness, porosity, surface
hardness, and microhardness. The best conditions can be achieved
by performing an optimization process after designing experi-
ments that allow knowing the behavior of the parameters.

4. Conclusions

This study establishes the foundation for generating
Cr3C, — 20(Ni20Cr) coatings on a AlSI 4140 substrate using the
HVOF technique.

According to this study, the oxygen-fuel ratio (F/O) is the most
influential variable for the formation of quality coatings. An
increase from 0.3 to 0.45 in this variable produces an increase in
90 pum average thickness, SHRC surface hardness and 60HV micro-
hardness, as well as a reduction in internal porosity of up to 22%.

On the other hand, decreasing gun speed from 15 to 5mm/min,
tends to raise dwell time, which results in more amount of parti-
cles being deposited under the test conditions, resulting in
50 um average thickness increase, and 22% surface hardness
improvement, without necessarily reducing porosity.

Roughness and powder flow have a greater effect on both sur-
face hardness and microhardness in the cross-section. The surface
roughness controls the degree of adhesion of the first layer of pow-
der to the substrate. Despite the fact that literature evidence a
trend towards an increase in this property with greater roughness,
this study showed a higher value in this parameter actually caused
the opposite effect when working with high values of Ra.

A higher powder flow produces greater surface hardness and,
combined with a F/O ratio of 0.45, reduces the porosity percentage
found by up to 30%, taking the worst condition as a reference.
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Considering the results of the samples analyzed, the following
yielded better characteristics for generating homogeneous and
good-quality coatings are: F/O ratio of 0.45, powder flow from
the feeder at 20 rpm, gun speed of 5 mmy/s, and roughness
R, = 18 um. With these values, coatings were obtained with thick-
nesses > 200 um, porosities < 1.5%, surface hardness increases
over 100% compared to the uncoated substrate, and microhardness
in the cross-section of over 900 HV.
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