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In this work, the effect of flame spraying parameters on physical, structural and microstructural
characteristics of ALO, - 13 wt.% TiO, (AT-13) coatings were studied. NiCrAl and AT-13 feedstock
powders were used for spraying a bond coat (BC) and a top coat (TC), respectively, onto a 7075
aluminum alloy substrate. The effect of acetylene-to-oxygen ratio and the spraying distance on
surface roughness, crystalline phases, porosity and thickness of top coat were analyzed. The results
showed that for the evaluated spraying conditions, the volumetric oxy-fuel ratio had significant
effects on roughness, porosity and crystalline phases of the coating. On the other hand, the spraying
distance affected the thickness of the coating and did not influence the formation of Al TiO,
phase; no significant effect of spraying distance on roughness was observed. The results showed
that an acetylene: oxygen volumetric ratio of 1:2.5 is preferable to obtain higher melting of the
ceramic powders and therefore a denser coating with major content of y-Al O, crystalline phase.
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1 Introduction

The competitiveness of ceramic coatings has evolved
over the years thanks to developments in thermal spraying
coatings, processes and devices used for this purpose, as
well as the increase in the number and variety of applications
including thermal protection of components located in the
hot gas path of gas turbines, improvement of wear resistance
of automotive engine devices and medical implants, among
others'. Regarding thermal spraying processes, flame spraying
is the oldest and most used in industrial applications 2.
However, the development of new applications for ceramic
coatings manufactured by Atmospheric Plasma Spraying
(APS) has increased notably in recent years due to the
higher temperature and speed of the particles achieved in
this process, which allows manufacturing denser and most
adhesive coatings®. Consequently, a reduction in the number
of investigations carried out to develop new coatings and
to improve the performance of coatings deposited by flame
spraying is evident despite its lower operation cost, ease of
use and flexibility for selecting a range of flame temperature
profiles from the combustible/comburent ratio* ; all these,
depending on the feedstock materials and feed rates.

Aluminum alloys are preferred as structural components
due to their high strength-to-weight ratio. However, they
have low wear resistance which limits their use®. Alloys
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such as the 7075-T6 are widely used for aeronautic
applications, but depending of the environmental
conditions, this material may suffer several types of
corrosion damage. Consequently, surface protection of
7075-T6 alloy with the aid of thermal spraying processes
has been increasingly studied, being Ti, A1,0,, ZrO, and
TiO, some of the materials commonly chosen to provide
protection against corrosion and wear>*.

The thermally-sprayed AT-13 coatings are widely used in
tribological applications given the variety of mechanical properties
that can be obtained as a function of the stable and metastable
phases present in the microstructure and the morphological
features of the coatings’. Typical phases found in AT-coatings
include 0-A1,0,,v-ALO,, TiO, and AL, TiO * . Aluminum titanate
(AL TiO,) is desirable for applications involving high temperature
due to its low thermal expansion coefficient (1.5x10 K), low
thermal conductivity (0.9-1.5 Wm! K), low Young’s modulus
(10-20 GPa) and high melting point (1860 + 10°C)*!°. Additionally,
Al TiO, has been used by the industry because it has high thermal
shock and corrosion resistances . Rutile (TiO,) also exhibits good
corrosion resistance combined with excellent chemical stability in
aqueous environments'' while a-Al O, is a good choice for wear
and corrosion aplications due to its high hardness and chemical
inertness'?. For use in thermal spraying processes, the stability
of aluminum titanates is improved by adding modifying agents
such as Si0,, MgO and Fe O, to the powder", which hinders
the decomposition of the phase at high temperature. Currently,
highly improved AT-13 coatings are being manufactured from
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nanoagglomerated feedstock powders in order to obtain a bimodal
structure constituted by fully and partially melted splats, which
notably improve the mechanical and tribological properties of
the coating as reported by '* and®.

Phase contents and porosity are determinant for the wear
and corrosion resistances of AT-13 coatings as previously
stated by Aruna et al', Ibrahim'® and Yussoff et al ', among
others. Accordingly, establishing proper thermal spray
deposition conditions is key to prevent premature failure of
the coatings, which are commonly used to protect surfaces
against elevated temperature and/or harsh environments.
This work studied the effect of the spraying distance and
the oxygen:acetylene volumetric ratio on the microstructure
of coatings composed of NiCrAlY as Bond Coat (BC) and
ALO, - 13%wt. TiO, as Top Coat (TC), with the purpose
of improving the combined response of the surface to
mechanical, thermal and chemical requirements. The
characterization of the coatings included crystalline phase
identification and quantification, surface texture assessment
and detailed analysis of morphological features such as
unmelted particles, splats/lamellae, pores and cracks.

2 Experimental Procedure

2.1 Powders characterization

The particle size distribution of feedstock powders
Metco 6221 (ALO, - 13 wt. % TiO,) and Amdry 510
(NiCrAlY) was determined using a Malvern Master Sizer
2000 analyzer. Morphological characterization of feedstock
powders was made in a JEOL 6701 SEM. Additionally, the
identification of the crystalline phases was carried out by
X-Ray diffraction (XRD) using a PANAlytical Empyrean
III series Alpha 1 model 2012 diffractometer with CuKa
radiation and X’Pert Pro MDPsoftware.

2.2 Flame spraying process

Prior to the spraying process, the AA7075 substrates were
cleaned in ultrasonic bath with isopropyl alcohol then the
surface was corundum blasted and finally cleaned again in the
ultrasonic bath with isopropyl alcohol for removing impurities.
This procedure allowed obtaining surfaces with Ra = 6.33 +
0.84 um, Rt=53.86+10.10 pm and Rpc =72.42 + 8.84 cm’!.

The bond and top coatings were deposited with a Castolin-
Eutectic TeroDyn® 2000 system torch, in which the powders
were fed using a bowl feeder TUMAC CHTB-10 and nitrogen
as carrier gas. The preheating temperature of substrates was
measured using a RayTek MI infrared sensor. The spraying
parameters controlled during thermal spraying processes
carried out to manufacture the coatings are listed in Table 1.

In order to study the effect of standoff distance and
acetylene:oxygen volumetric ratio on roughness, porosity, thickness,
and formation of crystalline phases in the AT-13 top coatings, the
spraying distance (110 and 140 mm), and the acetylene:oxygen
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volumetric ratios (1:1.7 and 1:2.5) were selected according
to a factorial design of experiments 22 with three replicas per
spraying condition and a central point at 125 mm of spraying
distance and a flame gases ratio at 1:2.1, as shown in Table 2.
A confidence level of 98% was taken for the statistical evaluation
of the experiments. Thirteen experimental runs were executed
randomly to verify the repeatability of the experiment and the
uniform distribution of experimental error. The p-value was also

Table 1. Spraying parameters used to manufacture the coatings

Operation value
Bond Coat

Parameter
Top Coat

Standoff distance 150 110-140
(mm)
Substrate rotational

116
speed (rpm)
Translational speed

of the torch (cm/s)
Preheating passes 1

0.72

Spraying passes 4 5
:;rel:;ylene flow (L/ ” 24
l?liirif)gen flow (L/ 37 41-60
Acetylene pressure
(psi)

Oxygen pressure
(psi)

Powder feed rate
(g/min)

12
50

25 13

Nitrogen carrier gas
flow (L/min)
Nitrogen carrier gas
pressure (psi)

17

40

Table 2. Spraying parameters used to manufacture the Top Coats
according to the factorial Design of Experiments.

Spraying parameters

Coating code Combustion Standoff Pre-heat
ratio distance (mm) tempuerature
(C,H,:0)) §9)

S1 1:1.7 110 98

S2 1:1.7 140 78

S3 1:2.5 110 96

S4 1:2.5 140 78

Central Point 1:2.1 125 85

1:1.7 -» 24:40.8 (L/min) 1:2.5 -» 24:60 (L/min)

considered to evaluate the significance of the effects on roughness
and phases formation. Porosity and thickness of the coating were
also studied by means of effects plots to estimate the tendencies
of those characteristics in the coatings.

2.3 Coatings characterization

Surface roughness of the BC and TC layers was
determined using a Mitutoyo Surftest SV-3000; six
profiles of each sample were obtained. The measurements
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were made with five cut-off lengths of 2.5 mm for a total
sampling length of 12.5 mm. The surface roughness
parameters Ra, Rt, RSM, Rpc and power spectral density
(PSD), whose definition can be found elsewhere's, were
measured after all experiments.

X-ray diffraction of the coatings were carried out using
an X’Pert Pro MPD. The diffractograms of the coatings
manufactured according to each spraying condition were
compared to confirm the repeatability of the experiments.
Crystalline phases present in the coatings were quantified
by Rietveld refinement using MAUD (Materials Analysis
Using Diffraction) software, always verifying that Rwp <
10%. A seventh degree polynomial was used to model the
background noise of the diffractograms while scale factor,
crystal structure, parameters for texture, strain analysis,
among other parameters, were refined using from 9 to 12
iterations for each one. Amorphous phase content was also
computed through Le Bail approximation for the silica glass.
The Rietveld method approximates the amorphous phase to a
nanocrystalline solid where the long-range order is lost'® and
the Le Bail approximation has been used to analyze the semi-
crystalline pattern of several ceramics including o-ALO,>.

Structural characterization of the coatings were performed
using SEM Jeol 5910LV. The cross section of the coatings
was also analyzed from samples prepared according to
ASTM E 1920-03(2014) standard; porosity of the BC and
TC was measured in the cross section using digital image
processing according to the ASTM E2109-01 standard. For
the BC, oxides were quantified using the red histogram in
the color thresholding process in order to exclude them of
readings carried out to measure the porosity. The thickness
of the coatings was measured through optical microscopy.

3 Results and Discussion

3.1 Feedstock powders

The Amdry 510 and Metco 6221 powders showed
spheroidal morphology. Amdry 510 is compact as those
produced by gas atomization, which is a process widely

Table 3. Particle size distribution of Amdry 510 and Metco 6221 powders.

Powder d(0.1) pm d(0.5) pm d(0.9) um
Amdry 510 26.994 36.893 50.151
Metco 6221 25.433 34.989 48.405

used to manufacture metal alloy powders®'. In the Metco
6221, each particle is constituted by several agglomerated
submicron-particles, which is consistent with manufacturing
by agglomeration and sintering. The particle size distribution
of the powders is shown in Table 3.

The phases identified in feedstock powders and their
quantities are summarized in Table 4. y-Ni,Cr, y’-Ni,Al and
B-AINi were found in Amdry 510 powder while a-AlO,,

AL TiO, and low quantities of TiO,-rutile were identified in
Metco 6221 powder after XRD analyses. Metallic alloys
containing the phases identified in Amdry 510 powder are
normally used to apply the bond coat in components for
stationary and aircraft gas turbines thanks to their high
mechanical resistance despite their lower resistance to

Table 4. Phase analysis of feedstock powders

Powder Phase analyses Weighted R
Phase Wt. % Profile %
Ni,Cr (y) 44.2
Amdry 510 Ni,Al (y) 28.4 9.98
AINi (B) 27.5
a-ALO, 73
Metco 6221 ALTiO 22.7 5.86
TiO,-rutile 43

sulfidation when compared to the CoCrAlY bond coatings
*2. On the other hand, 0-Al,0,-13 wt.% TiO, materials with
phases as those constituting Metco 6221 powder provides
good tribological properties due to their high hardness,
which help withstanding severe abrasive wear conditions®.

3.2 Bond coat characterization

The XRD results of NiCrAlY coating and powders are
shown in Figure 1. Rietveld analysis of as-sprayed BC with
an Rwp of 6.54% showed 99.7% of phase y’-Ni,Al and only
0.3% of B-AINi. No y phase was identified in the as-sprayed

Figure 1. XRD of NiCrAlY coating. a) As-sprayed BC, b) Feedstock powder
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BC as reported previously by*. A slight peak shift was also
observed, which can be related to quenching stresses produced
when the particles reached the substrate and rapidly solidified.
In flame spraying process, unlike HVOF process, aluminum
gets oxidized extensively forming Al,O, during deposition,
contributing also to the peaks shift as reported by Rana et al*.

The surface morphology of the bond coat exhibited splats
produced from highly flattened particles and splashing as
shown in Figure 2a (yellow enclosure), which indicates that
in-flight particles were sufficiently heated and arrived well
melted to the surface on which they were deposited. Despite the
diffractograms did not show strong evidences of oxides likes
Al O,, the BC layer showed oxides content of 18 +1.90% and
porosity of 6.73 +0.98%. Likewise, the cross-section of the BC
layer Figure 2b exhibited oxidized areas around lamellae which
were produced during the spraying process due to the slightly
oxidizing combustion flame used for the deposition of this layer.
The oxidation of some elements present in the thermally sprayed
metallic powder NiCrAlY are reported by Rana et al % where
alumina is the oxide predominantly produced, which increases
the oxidation resistance of the coating. The arithmetic average
roughness Ra of the bond coat was 9.4 + 1.8 pm.

3.3 Top coat characterization

3.3.1 Analysis of crystalline phases in the
microstructure

The X-Ray diffractograms of the AT-13 coatings obtained
with different deposition parameters are shown in Figure 3.
For each spraying condition, the diffractograms of the three
replicas are superimposed. The AT-13 coatings S3 and S4
(figures 3a and 3b) were composed of cubic y-Al,O, and
rhombohedral a-AlO,. The coatings S1 and S2 (Figure 3¢
and Figure 3d) showed y-Al,O,, a-Al,O, and orthorhombic
AL TiO,. TiO,-rutile, which was present in feedstock powder,
was not found in any of the deposited coatings.
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The assumptions of normality and constant variance of
the phase contents data were verified through the normal
probability and residuals plots. To check for the normality
of the residuals (i.e. the fact that residuals follow a normal
distribution), the normal probability plot is presented in
figure 4a with the data obtained for y-Al,O,. Residuals
follow a straight line, which is a strong indication that the
assumption of its normality is valid. Furthermore, the plot of
residuals vs fitted values Figure 4b shows a random scattering
of residuals around zero, which verifies the assumption of
constant variance of the experiments. These facts were also
observed in the evaluation of the assumptions of normality
and constant variance for the other crystalline and amorphous
phases found in the samples.

Quantitative phases analysis of the coatings evidenced
a higher content of y-Al,O, in coatings S3 and S4, while S1
and S2 coatings were constituted predominantly by a-Al,0,
and some quantities of AL TiO, which are residual phases
that were present in feedstock powders. Coatings S3 and S4
sprayed with a combustion ratio of 1:2.5 showed amorphous
content of 47.20% and 42.35% respectively, while the
amorphous content of coatings S1 and S2 were 12.26% and
10.58% respectively (Figure 5d). These results show that
when the particles absorb more energy in the flame, higher
amorphous phases are obtained. However, the amorphous
percentage estimated can be affected also by the presence
of y-ALO, which is a nanosized crystalline phase?, whose
volume fraction is higher in coatings S3 and S4.

The plots of the effects of spraying parameters vs phases
present in the coatings are shown in Figure 5. A p-value
< 0.02 was obtained for the effect of the combustion ratio
on the 0-Al,O, phase content in the coatings. It means that
this parameter had an important effect in a-Al,O, phase
transformation during the spraying process. Regarding the
effect of spraying distance on a-Al O, transformation, the
p-value was 0.485; this means that this parameter did not
have a significant impact on the a-Al O, transformation;

Figure 2. Microstructure of the Bond Coat. a) surface morphology in which an individual splat is shown within the yellow circle, b) cross
section morphology in which an individual lamella is shown within the red oval
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Figure 3. X-Ray diffractograms of AT-13 coatings for several oxygen: acetylene volumetric ratios and spraying distances. a) Coating S3:
1:2.5 - 110 mm, b) Coating S4: 1:2.5 - 140 mm, c¢) Coating S1: 1:1.7 - 110 mm, d) Coating S2:1:1.7 - 140 mm

to show graphically this result, it can be seen in figure
Sa that for a fixed combustion gases ratio, variations on
spraying distance did not produce significant changes on
the a-AlLO, phase transformation. For example, with a
fixed combustion ratio 1:1.7, an increase of the spraying
distance from 110 mm to 140 mm only produces a decrease
of 5% in the mean content of a-Al O,. It is important to note
also in Figure 5a that the deviation bars of a-Al,O, content
in both combustion ratio are overlapping for changes in
spraying distance, this is the main graphically aspect that
evidence why this parameter did not have a significant
effect on this phase.

For the combined effect of the spraying distance and
combustion ratio on a-Al,O, transformation, the p-value was
0.545; this means that it did not have a significant impact
on this phase transformation. The combined effect indicates

that when a variation of combustion ratio is made there is
a relevant change in the amount of a-Al,O, with variations
of spraying distance, same logic is applicated with the other
phases analyzed. Figure 5 a shows that it does not matter
the combustion ratio set, for both, 1:1.7 and 1:2.5, changes
in spraying distance did not produce important variation in
the a-AlL O, phase content.

Figure 5b shows that the coating deposited with a combustion
gases ratio 1:2.5 exhibited a major formation of y-ALO, as a
consequence of the transformation of a-Al O, from the feedstock
powders during the solidification at high cooling rates of the
splats, as explained in detail by Goral et al*’” and Vargas et al*®.
This is consistent with the reduction of a-Al,O, phase content
observed in figure 5a for the same combustion ratio.

With respect to the y-AlO, formation, a p-value <0.02 for
the effects of the combustion gases ratio was obtained while
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Figure 4. Residual plots for y-Al,O,. a) normal probability plot,
b) residual vs fitted values
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the spraying distance yielded a p-value = 0.080. This means
that the combustion gases ratio had a significant effect on the
v-Al O, formation and the spraying distance did not had effect
on the formation of this phase; besides, for the combined effect
of spraying parameters evaluated, a p-value=0.911 evidencing
that for both combustion ratios, variations in spraying distances
did not have a significant effect on the formation of'y-AlLO,.

The increase in y-Al O, at ratio 1:2.5 was affected also
by AL, TiO, thermal instability in a range of temperatures
between 800 and 1300°C where an eutectoid reaction
occurs and decomposes it into a-Al,0, and TiO, as
suggested by Papitha et al® and Sarkar et al'’; During the
spraying process, a-Al,O, and TiO, melt together and
rapidly solidify to form y-Al O, containing dissolved
TiO,*. This can be verified in Figure 5c, where for a
fixed distance, the AL, TiO, content is lower at combustion
gases ratio 1:2.5 with respect to 1:1.7. The eutectoid
reaction of AL, TiO, was facilitated because the particles
had a higher dwelling time inside the flame during the
spraying process, allowing them to absorb a higher energy
to reach the temperatures of decomposition. For the
ALTiO,, p-value<0.02 was obtained for the effect of the
combustion gases ratio meaning that it had a significant
effect on the eutectoid reaction of this phase during the

Figure 5. Effect of Combustion gases ratio and spraying distance on phases formation, a) a-AlO,, b) y-ALO,, ¢)

ALTiO,, d) Amorphous phase
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spraying process; on the other hand, a p-value = 0.573
was obtained for both the spraying distance and its
combined effect with combustion gases ratio, so it can
be said that no important effect of such variables on the
decomposition of this phase is expected.

With respect to the amorphous content in the coating,
a p-value < 0.02 obtained for the effect of combustion on
this phase indicated that it had an important effect on this
variable response, while the spraying distance did not affect
it according to the p-value=0.163 obtained. The combined
effect of spraying distance and combustion ratio did not have
significand impact on the amorphous content as indicated
by a p-value of 0.478.

Curvature analysis of the effect of spraying parameters
on phase formation shows p-value of 0.392 and 0.019 for
a-AlLO, and y-Al O, respectively, revealing that there is not
curvature in the response of a-Al,0,, and a marginal curvature
in the response for y-Al O, phase; on the other hand, p-value
for curvature of AL, TiO, was 0.001, this suggests that there
is curvature in the response of this phase with respect to the
spraying parameters inside the experimental region evaluated.

3.3.2 Roughness, morphology and porosity of the
coatings

Normal probability plot and residuals vs fitted plots for
the Rms roughness parameter are shown in Figure 6. It can be
seen from Figure 6a that residuals follow a straight line while
Figure 6b shows a random scattering of residuals about zero.
This means that there is no evidence of non-normality and
non-constant variance in the experiments; these facts were
also observed for the other roughness parameters evaluated.

Roughness parameters of the TC are shown in the effects
plots of flame spraying parameters onto surface roughness
(Figure 7). A p-value = 0.008 (<0.02) for the effect of
the combustion gases ratio on the surface roughness was
obtained, while the p-values of spraying distance and the
combined effect of the spraying distance and combustion
gases ratio were 0.386 and 0.964 respectively (both >0.02).
This means that only combustion gases ratio had a significant
effect on the coatings surface roughness. On the other hand,
curvature analysis shows p-values 0f 0.199, 0.030, 0.021 and
0.678 for RSm, Ra, Rt, and Rpc parameters respectively,
this mean that there was not curvature in the response of
the roughness parameters studied. Higher roughness values
were obtained with a combustion gases ratio of 1:1.7, and
this is because the coatings S1 and S2 had a higher number
of unmelted particles than that of the coatings S3 and S4
sprayed with combustion gases ratio of 1:2.5 as verified by
means of SEM analysis whose results are shown in Figure
8. Figure 7 also shows that with a fixed combustion gases
ratio, variations of spraying distance had not a considerable
impact onto surface roughness; On the other hand, when the
spraying distance was fixed, variations of combustion gases
ratio had a high impact onto surface roughness. According

Figure 6. Residual plots for RSM roughness parameter. a) normal
probability plot, b) residual vs fitted plot

to the measured roughness parameters, a smoother surface
can be obtained with the combustion gases ratio used for
manufacturing S3 and S4 coatings. Figure 8 shows that
effectively, coatings S3 and S4 presented a lower number of
unmelted and partially-melted particles on their surfaces, this
means that the AT-13 particles reached higher temperatures
with a combustion gases ratio of 1:2.5 in their flying time
during the spraying process.

Figure 9 shows the cross section of the applied coatings.
The coatings sprayed with combustion ratio 1:2.5 (Figures 9a
and 9b) present a denser microstructure because the particles
reach higher temperatures and consequently experience more
softening and deformation when they strike the substrate’s
surface. This leads to the formation of flatter lamellae in
comparison with the coatings sprayed with combustion
ratio 1:1.7, whose cross section shows a larger porosity
due to the presence of a greater number of unmelted and
partially melted particles (figures 9¢ and 9d). Furthermore,
microstructure defects such as pores and cracks reduce the
bonding strength between splats, which in turn affects other
properties including hardness and abrasion resistance®.

The size of unmelted and partially-molten particles was
measured through SEM and the data were used to perform
spectral analysis as shown in Figure 10 and Table 5. The
increase of the minimum and maximum diameters of semi-
molten particles with respect to d(0.1) and d(0.9) of feedstock
powders was due to the deformation of the particles during
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Figure 7. Effect of spraying parameters on roughness parameters a) Ra, b) Rt, ¢) Rpc, d) RSM

— 3 A FON ATVl (PO % 2| v =Y
Figure 8. AT-13 coatings surface morphology. a) 1:2.5 - 110 mm, b) 1:2.5 - 140 mm, ¢) 1:1.7 - 110 mm, d) 1:1.7 - 140 mm
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Figure 9. Aspect of the cross section of AT-13 coatings deposited with diverse oxygen: acetylene volumetric ratios
and spraying distances. a) 1:2.5 - 110 mm, b) 1:2.5 - 140 mm, ¢) 1:1.7 - 110 mm, d) 1:1.7 - 140 mm

‘ | “l} | i 0,08
L muy
i ul’,w i Hv i

/0,00

K 777 190 ms

U (1 A
il

=
£
TAT 7O mm E

s
&
o
\ <
725~ O &
=4
&

125 770

17 18 19 20 21 22 23 24 2.5 26 27 28 29 3.0 31 32 33

Frecuency (mm’)

Figure 10. Power Spectral Density (PSD) of AT-13 coatings surfaces

the impact against the substrate. On the other hand, the
minimum diameter of unmelted particles measured in the
surface coating was 30.44 pm, which means that the heat
produced in the flame is enough to melt particles smaller than
approximately 30 pm. The Power Spectral Density (PSD)
plot in Figure 9 shows a higher intensity in the frequency
range from 17 to 23 mm™ for the coatings sprayed with a
combustion gases ratio of 1:1.7; this verifies that a higher
quantity of semi-molten particles with sizes between 43 and
59 pm can be found along the roughness profile measured in
the S1 and S2 coatings with respect to S3 and S4 coatings.
In the frequency range between 25 and 33 mm'! the intensity
was lower in the spectra corresponding to coatings sprayed
with combustion gases ratio of 1:2.5, which indicates that

these coatings have a lower quantity of unmelted particles
with sizes between 30 and 45 pm.

The effect of the spraying parameters on the thickness of
the TC layer is shown in Figure 11. An important effect of
the spraying distance on the thickness of the coating can be
appreciated. The use of a spraying distance of 110 mm led
to thinner coatings when compared to the coatings sprayed
with 140 mm distance, this is due to higher deceleration and
slight cooling of the particles in the latter case, which in turn
causes less deformation of the particles when they impact
the substrate. Consequently, slower particles produce thicker
lamellae and the overall thickness of the coating is larger.
Figure 9 illustrates this effect. Figures 9 and 9d show thicker
lamellae than those observed in figures 9a and 9c. It can be
seen also that with a fixed spraying distance, variations in
the combustion gases ratio did not contribute strongly to
changes in the thickness of the coatings.

The effect of the spraying parameters on the porosity
of the coatings is reported in Figure 12. Coatings S3 and
S4 had lower porosity values than S1 and S2 coatings
and close to the values reported by* for an AT-13 coating
deposited by APS, which is a process with higher enthalpy.
Figure 11 shows that variations in spraying distance when
the combustion gases ratio is fixed at 1:2.5 did not have and
important effect on the porosity of the coatings; however, with
a combustion gases ratio fixed at 1:1.7, distance variation
affects the coatings porosity incrementing it in the coatings
deposited with a spraying distance of 140 mm. This may
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Table 5. Attributes of interest after PSD analysis.
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. Minimum diameter Spatial Frequency Maximum diameter Spatial frequency
Attribute o o
(nm) (mm™) (pm) (mm™)
Semi-molten particles 42.74 22.39 56.46 17.71
Unmelted particles 30.44 32.85 45 21.37

Figure 11. Effects plot of spraying parameters on coating thickness

Figure 12. Effects plot of spraying parameters on coatings porosity

also be related to the higher deceleration of the particles
with the distance, which leads to poor piling and adhesion
between particles in the coating.

3.3.3 Analysis of the quality of the flame

In general terms, it was observed that S3 and S4 coatings
exhibited lower values of the roughness parameters and
porosity; XRD analysis also showed highest formation of
y-ALO, and also highest decomposition of Al, TiO, for those
coatings. These results indicated that particles absorbed more
heat during the spraying process at the flame produced from

combustion gases ratio of 1:2.5, than that produced from
1:1.7 combustion gases ratio; despite the higher temperature
of flame from 1:2.5 combustion gases ratio is lower than
that produced from 1:1.7 combustion gases as demonstrated
by Fauchais et al 2.

Besides the temperature reached by the flame, which
is shown in figure 13 for several oxy/acetylene ratios, the
length of the hot zone of the flame obtained with different
comburent/combustible ratios must be considered since it
plays a key role in the heating of the particles. At atmospheric
pressure, the stoichiometric chemical reaction of combustion
is obtained by feeding the torch with a volumetric mixture
of acetylene and oxygen in proportions around 1:1.7,
producing a flame whose primary zone reaches the maximum
possible temperature, which is close to 3170 °C. When an
additional quantity of oxygen is fed to the torch, part of the
heat produced by the combustion is consumed in heating
up the excess gas because it does not react in the process,
then the temperature of flame decreases as it has been shown
by Fauchais et al>. Also, Goral showed that the excess of
oxygen in a combustion reaction contribute to dilute the
combustion products and causes elongation of the primary
zone of the flame and therefore a change of his temperature
profile, providing the particles a longer dwelling time in the
hottest zone of the flame when combustion gases ratio is 1:2.5
compared to when the combustion gases ratio is 1:1.7 3!

4 Conclusions

The effect of the volumetric combustion gases ratio and
spraying distance on structural and microstructural characteristics

Figure 13. Temperature profile for oxy-acetylene combustion (2)
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ofthe AL O, - 13 wt.%TiO, coatings manufactured by flame
spraying process was studied.

The most significant effect over the formation of y-ALO,
crystalline phase was given by the combustion gases ratio.
Higher levels of crystalline phase formation were achieved
when the combustion gases ratio was 1:2.5, which is due
to the elongation of the hottest zone of the oxyacetylene
flame produced by the excess of oxygen in the combustion
reaction. On the other hand, Only combustion gases ratio
had a significant effect on a-Al,O, formation and Al TiOj
dissolution.

Only the combustion gases ratio had a significant effect
on the roughness parameters of the coating. Lower surface
roughness values and lower porosities were obtained for
the combustion gases ratio of 1:2.5 because of the longer
dwelling time of the particles in the hottest zone of the flame.

The thickness of the coatings was not affected by the
combustion gases ratio; however, thicker coatings were
produced when the spraying distance was larger at a fixed
combustion gases ratio.
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