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Abstract

In this work, flame spray technique was used to deposit coatings of C-Al-Si-Ti reinforced with different
contents of Fe-Cr alloy on stainless steel surfaces to protect these surfaces from corrosion due to their
continuous exposure to mechanical stresses and high temperatures. Spray parameters were controlled to
develop much more homogeneous and dense microstructures. An optimal ratio of the reinforcing material
was determined to achieve highest values of hardness and coating adhesion, making these coatings good
candidates for engineering applications operating in harsh environments that require high resistance to

corrosion and mechanical stresses.
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1. Introduction

Among the various thermal spraying techniques
flame spraying is widely wused in industrial
applications due to its relatively low operational cost
and simplicity of equipment [1-4]. However,
coatings produced by this method commonly suffer
from two major limitations weak adhesion to the
substrate and high internal porosity which negatively
affect the required mechanical and thermal
performance [5—8]. To overcome these limitations,
the use of interfacial (bond) layers has been
introduced as an effective approach to enhance
coating performance by improving adhesion strength,
reducing thermal residual stresses, and enhancing
overall coating integrity [9-12]. This study
investigates the effect of introducing a (Fe—Cr)
interlayer on a (C—AI-Si-Ti) based coating system to
evaluate its influence on the mechanical and physical
properties of flame-sprayed coatings and to correlate
these properties with microstructural evolution The
(C—-Al-Si-Ti) coating system used in this study
consists of a (metal-ceramic) composite mixture
based on carbon , aluminum , silicon , and titanium
powders with specified weight ratios and particle size
ranges as presented in (Table 1) in the experimental
Part (Fe—Cr) alloys were selected as bonding
materials due to their intermediate thermal expansion
coefficient , The selection of Fe—Cr as an interlayer is
further supported by its intermediate coefficient of
thermal expansion which is typically in the range of
11-13 x10° K'!. This value lies between that of
stainless steel substrates (approximately 16-17 x106
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K' and ceramic-rich C-Al-Si-Ti  coatings
(approximately 6-10 x10% K-!) . This graded thermal
expansion behavior helps to reduce thermal mismatch
between the coating and substrate thereby minimizing
residual thermal stresses generated during cooling
and improving interfacial adhesion and coating
stability [11]. which lies between metallic substrates
and ceramic coatings making them suitable
candidates for reducing thermal mismatch and
improving interfacial stability [13-15] . The Fe—Cr
interlayer composition used in this work contained
18.26 wt.% Cr with the balance Fe . Despite extensive
research on thermally sprayed coatings, most
previous studies have focused primarily on single-
layer systems while limited attention has been given
to dual-layer configurations incorporating interfacial
bonding layers [16-18]. Therefore, the present study
aims to evaluate the effect of introducing an Fe—Cr
interfacial layer on the mechanical properties of
flame-sprayed C-Al-Si-Ti coatings deposited on
stainless steel substrates The investigated properties
include hardness, adhesion strength, and surface
roughness.

2. Experimental Part

Stainless steel (304L) substrates were coated with
C-Al-Si-Ti  metal-ceramic  composite  coatings
reinforced with Fe-Cr at different volumetric contents
as listed in table (1). The coatings were deposited
using a Rototec 80 flame thermal spraying system
operated with oxygen and acetylene gases at
pressures of 0.7 and 0.4 bar, respectively. A spraying

Printed in Iraq 97


mailto:scpm24004@uokirkuk.edu.iq

IRAQI JOURNAL OF APPLIED PHYSICS LETTERS

distance of 15-20 cm and a spray angle of 90° were
maintained during deposition, while the particle
velocity reached approximately 100 m/s. The
composite base material (C-Al-Si-Ti) exhibited good
resistance to elevated temperatures as the melting
temperatures of its constituent components exceeded
1200°C depending on their compositional ratios
making the material suitable for flame thermal
spraying applications Prior to coating, the stainless
steel substrates were thoroughly cleaned with alcohol
to remove grease and contaminants followed by
mechanical surface roughening to enhance coating
adhesion to the substrate. The samples were then
thermally annealed in an electric furnace at
temperatures ranging from 850 to 1050 °C for 90 min
to stabilize the coating structure. The selection of this
temperature range is based on its ability to promote
interfacial  diffusion, stress relaxation, and
microstructural stabilization in thermally sprayed
coatings. At lower temperatures, sufficient atomic
mobility is activated to improve inter-particle
bonding whereas the upper temperature limit was
selected to avoid excessive grain growth and possible
phase instability. Therefore, this range represents an
optimized thermal window commonly used for
improving the structural integrity and mechanical
performance of thermal spray coatings [3,21,22]. In
the present study, the same heat treatment range (850-
1050°C) was applied to all samples. The obtained
mechanical properties (hardness and adhesion
strength) exhibited a consistent overall trend across
all heat-treated samples indicating that the effect of
thermal exposure was generally uniform within the
investigated range. Therefore, the results are
discussed in terms of the overall influence of heat
treatment rather than separating the contribution of
each individual temperature. The mechanical and
surface properties of the coatings, including hardness,
adhesion strength, and surface roughness, were
evaluated. The obtained results were interpreted
according to well-established thermal spray
mechanisms reported in the literature, while detailed
phase and microstructural analyses are recommended
for future work to further support interfacial evolution
and coating behavior [3]. Figure (1) shows the St. St.
304L specimen used as a substrate in order to ensure
experimental reproducibility and to provide a clear
description of the prepared test specimens.

The mechanical properties of the prepared
samples mainly hardness and adhesion strength, were
determined. Five readings were taken for all samples
from different sides to ensure the consistency and
repeatability of the results Adhesion strength was
evaluated using a Universal Testing Machine
according to the ASTM C633 standard via the pull-
off test method [3]. The obtained adhesion values
were found to be within the acceptable range
commonly reported for thermally sprayed coating
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systems taking into account the influence of coating
composition, substrate condition, and processing
parameters on interfacial bonding behavior. Two
types of specimens were examined unreinforced
coatings and Fe-Cr reinforced coatings to determine
the interfacial bonding strength between the coating
and the substrate. Surface roughness was measured
using a profilometer where three readings were taken
for each sample and the average value was recorded
to ensure accuracy [5]. Surface roughness and
adhesion measurements were conducted on
separately tested samples prepared under identical
processing conditions.
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Fig. (1) Top and front view and dimensions of the St. St. 304L
substrate (left), and a photograph of the coated sample (right)

3. Results and Discussion

Figure (2) shows the effect of the chromium
content in the Fe-Cr alloy on Vickers hardness after
heat treatment. Hardness gradually increases with
increasing chromium content due to the formation of
a solid solution that inhibits dislocation movement,
reaching a maximum value of 177 kg/mm? at
approximately 8%. After this percentage hardness
begins to decrease as a result of changes in the
microstructure and the formation of less effective
strengthening phases or carbides .This behavior may
also be associated with local microstructural
inhomogeneity and particle agglomeration at higher
reinforcement contents.
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Fig. (4) Effect of reinforcing material content on the Vickers
hardness after heat treatment

Although carbide precipitates can improve
hardness by restricting dislocation movement
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excessive precipitation may reduce matrix ductility
and negatively affect the balance between hardness
and toughness. Since detailed phase characterization
was not performed in the present study these
interpretations are based on commonly reported
mechanisms in thermally sprayed composite coatings
[20-22]. This is consistent with what was mentioned
in a previous study on the effect of microstructure and
phase distribution in determining hardness values
[19]. Therefore, there is an optimal chromium content
that achieves the highest hardness, and any increase
beyond it leads to a deterioration of mechanical
properties.

Figure (5) illustrates a non-linear relationship
between the Fe—Cr alloy content and the adhesion
strength after heat treatment. The adhesion strength
starts at its lowest value for the unreinforced sample
(21 MPa) then increases significantly with increasing
Fe-Cr content, reaching a maximum value of 37 MPa
at 8 wt.% Fe-Cr. Beyond this point, the curve shows
a minor decrease up to 10 wt.%. The increase in
adhesion strength is attributed to improved interfacial
bonding and enhanced mechanical interlocking
between the coating and substrate, as supported by
thermal spray literature [22]. However, although
surface roughness continues to increase up to 10 wt.%
the adhesion strength does not follow the same trend,
indicating that adhesion is governed not only by
roughness but also by the effective interfacial contact
quality At higher Fe-Cr contents (8-10 wt.%)
excessive surface irregularities and coating
heterogeneity promote interfacial void formation and
stress  concentration, which reduce bonding
efficiency. The 8 wt.% addition represents an
optimum condition where maximum coating—
substrate cohesion is achieved This behavior
demonstrates the dominance of interfacial integrity
over surface roughness at high reinforcement levels.
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Fig. (5) Effect of reinforcement addition on adhesion strength
after heat treatment

Figure (6) illustrates the relationship between Fe-
Cr alloy content and surface roughness after heat
treatment. Excessive roughness may reduce the
effective contact area and introduce interfacial
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discontinuities that negatively affect coating
adhesion. In addition, variations in particle flattening
behavior coating densification and porosity evolution
with increasing reinforcement content contribute to
the development of a more heterogeneous surface.
The increase in roughness within the range of 9.5-
11.9 um indicates a transition in surface morphology;
however, beyond an optimum level, the beneficial
effect of mechanical interlocking may be
counterbalanced by increased defect density and
localized stress concentration sites at the interface.
Therefore, the simultaneous increase in surface
roughness and its influence on adhesion behavior can
be attributed to the competing effects of mechanical
anchoring and interfacial integrity degradation in
agreement with previously reported findings in
thermal spray coating systems [21].
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Fig (6) Effect of reinforcement addition on surface roughness
after heat treatment

4. Conclusions

This study demonstrates a clear improvement in
mechanical properties of flame-sprayed C-Al-Si-Ti
coatings with Fe-Cr reinforcement particularly in
hardness and adhesion strength. Compared with the
unreinforced coating the optimized composition (8
wt.% Fe-Cr) shows a significant increase in hardness
from 90 to 180 kg/mm? (=100% improvement) and in
adhesion strength from 20 to 35 MPa (=75%
improvement). These results indicate that the
selection of an appropriate reinforcing ratio is a key
factor in optimizing coating performance by
enhancing load-bearing capacity and interfacial
bonding.
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Table (1) Composition of the used materials

Powder Purity (%) Particle Size Morphology Supplier
[ 4714 % 75-100 pm Flake-like Castolin+Eutectic
Al 3317 % 75-100 ym Irregular/Spherical | Castolin+Eutectic
Si 8.78 % 75-100 pm Angular Castolin+Eutectic
Ti 8.05 % 75-100 pm Spherical Castolin+Eutectic
Fe-Cralloy | 79.65% Fe, 18.62% Cr 45-75 um Irregular Castolin+Eutectic
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