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The contact surface of thermal spray significantly affected bonding
strength and coating elasticity. This work aimed to evaluate the
effects of contact surface conditions characterised by substrate
surface profile and spray pressure on the bonding and buckling
strength of aluminium thermal sprayed on the low-carbon steel
substrate. The SS400 low-carbon steel substrate was profiled using
the milling process to form the V, small V, U, and flat profiles that
were subsequently roughed by employing the sandblasting
process. A coating comprising 99% aluminium was sprayed onto
the substrate surface with different spraying pressures of 3.5, 4.5,
and 5.5 bar. Pull-off and buckling tests were performed for
determining thermal spray characteristics. The results of this work
showed that the optimal bonding strength of the coating was
obtained for the thermal spray specimen that had a flat substrate
surface, and the spraying pressure was set to 5.5 bar. Generally,
low spraying pressure lead to be low bonding strength and vice
versa. Profiled surface was not profitable on the mechanic
properties of thermal spray bonding.
Keywords: Aluminum Thermal Sprayed, Surface Profile, Pull-Off,
Bonding Strength, Buckling Strength

1. INTRODUCTION

Surfaces that are subjected to wear and corrosion typically require different characteristics concerning
the core and the surface. The coating process is appropriate for determining the best combination of coating
and substrate material for a particular application. There are various coating processes such as cladding,
chemical vapor deposition, chemical processes, ion implantation, and thermal spraying [1-4]. Thermal
spraying has many advantages over other methods. It provides for easy material selection, variants with
higher thickness, and good coating properties [1-6]. Figure 1 shows a comparison of the coating processes
based on coating thickness and substrate temperature. Thermal spray is one of the coating processes that can
be used for metallic or non-metallic substrates [7]. The main group of the thermal spray process consists of
several types such as flame spray, electric arc spray, and plasma arc spray.
Electric arc and twin arc spray are types of electric arc spray technique. Twin arc-spray is one of the cheapest
thermal spray processes. In this process, the electrodes comprise two wires having the same diameter that
lead to simultaneous material spraying. Technology development concerning the arc-spray wire system has
promoted numerous applications, such as the mould spray forming [8].
The main properties indicating the quality of the thermal spray process are bonding strength and
coating elasticity. The contact surface area between the coating and the substrate affects bond strength. The
larger the contact surface, higher is the bonding strength. Coating density and bonding strength affect the
coating elasticity. Good coating elasticity is indicated by the absence of coating cracks when the sprayed
substrate is bent. Spray material density and bonding strength directly affect coating elasticity [9].
An increase in substrate surface roughness is one way to enhance the contact area between the
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substrate and the coating. The expansion of the bonding area increases the bonding strength of the thermal
spray coating [9,10]. The expanded contact area also determines bond profiles in the form of the interlocking
existing between the substrate and the coating, as shown in Figure 2 [11,12]. There is insufficient information
on the relationship between substrate surface profile and bond profile. Previous research has focused on
thermal spray and material parameters such as material types, heat treatment, and nozzle spray gun angles.
This research, therefore, characterized the tensile strength and buckling strength of the thermally sprayed
material using the substrate surface profile and spraying pressures used during thermal spray processes.

Figure 1. Coating processes comparison [1].

Figure 2. Ilustration of interlocking [2]
2. EXPERIMENTAL METHOD
2.1 Materials and substrate preparation

SS400 low carbon steel substrate was used for experiments. The substrate surface was profiled using
the milling process to form a V, small V, and U profile, as shown in Figure 3. The flat surface was also
evaluated for comparison. The substrates surfaces were chemically cleaned using Trichloroethylene (TCE)
cleaning fluid, rinsed using acetone and then subjected to sandblasting treatment using a steel grid to obtain
-arc spray process with AA
1100 aluminium (99% aluminium) wire, 90 ° ± 20° spraying angles with 3.5, 4.5, and 5.5 bar spray pressure
values. The coating thickness was kept constant at 0.6 mm for all specimens.

Figure 3. Design of substrate surface profile: (a) U, (b) small V, (c) flat and (d) V
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2.2 Coating characterization

The tensile tests for coating were carried out based on the ASTM D4541 standard, which is
illustrated in Fig. 4. The buckling tests were adapted using the ASTM E 190 standard, and analysis was
performed as suggested by Hafiz et al. [15]. Figure 5 shows the classification of the buckling test results.
Microstructure observation aims to determine diffusion and bonding between the coating and the substrate,
and it was performed by using a Scanning Electron Microscope (TESCAN Vega3 LMU) with the EDX
(OXFORD INCA Energy 250) attached.

Figure 4. Pull of test scheme [3]

Figure 5. Bend test indicator, (a) no crack, (b) minor cracking, (c) cracks with lifting [3]
3. RESULTS AND DISCUSSION
3.1 Macrostructure of Thermal Sprayed Steel

Figure 6 shows the surface profile of the steel SS400 low carbon after the thermal spraying process.
The contour of the thermally sprayed surface follows the profile of the substrate surface except for the small
V profile. It is almost similar to a flat surface because the small V profile was shallow and coated by the
material entirely, as seen in Figures 6 (a) and 6 (b).

Figure 6. Thermal sprayed steel with (a) flat surface, (b) small V surface, (c) U surface and (d)V
surface.
Sandblasting is performed before thermal spraying, where the sandblasted particles hit the surface and
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cause erosion at sharp angles, thereby beading to a blunt small V profile. Though the outer surface has an
almost similar profile, the interface profile between the coating and the substrate is different for the flat and
small V variants. The cross-section of the thermally sprayed substrate is depicted in Figures 7(a) and 7(b).
Figure 7 indicates that the interface profile between the coating and the substrate follows the original
substrate profile. The V, small V, and U profiles of the substrate surface had wider interface contact
compared to the flat substrate profile. The interface contact area between the substrate and coating affects the
bonding strength of thermal spray [13].

Figure 7. Cross section of thermal sprayed steel with (a) flat surface, (b) small V surface, (c) U surface,
(d) V surface.
3.2 Microstructure of Thermal Sprayed Steel

During the thermal spray process, molten material is sprayed onto the substrate surface. Sprayed
material forms layers on the surface of the substrate. The morphology of the layers comprises flat and
lamellar structures, but there are some defects. Figure 8 depicts the macroscopic image of the interface
between the coating and substrate having a V-shaped surface. It shows the presence of cavities and pores.
The pores appear on the coating layer and the interface. The pores on the coating layer were created during
thermal arc spray process due to the presence of trapped air or gas [14,15]. Pore formation on the coating
occurred when the coating material, in the form of semi-liquid droplets, attached and formed a lamellar
structure [16,17].

+
Figure 8. Macrostructure of small V surface profile.

594

N. Muhayat, I. Habibi, T. Triyono, S.I. Cahyono, E. Surojo, Triyono; Rekayasa Mesin, v. 12, n. 3, pp. 591 – 604, 2021.

The interface pores depicted in Figure 8 were affected by the substrate surface profile as a result of the
sandblasting process conducted before thermal spraying. When sandblasting the V-shaped surface, the sand
did not hit the substrate surface perpendicularly, thereby resulting in a rough surface. The mechanism of
rough surface formation concerning the V surface during the sandblasting process is depicted in Figure 9.
The rough surfaces enable cavities to form on the surface, and the sprayed material does not adhere to the
substrate correctly.

Figure 9. Substrate surface profile (a) before sandblasting process and (b) after sandblasting process.
The thermal spray causes a flat surface profile (Figure 10) which shows that the sprayed material can
fill the cavities created by the sandblasting process. The sprayed material made the layers adhere to the
substrate surface correctly and also widened the contact surface area. Strong attachment and a wide contact
surface lead to an increase in bonding strength [18-23]. In this case, the cavities filled by the sprayed material
formed an interlocking structure on the interface between substrate and coating. Interlocking comprises the
coating locked on the substrate due to a shrinkage of the layer during the thermal spray process [24-28]. The
sandblasted surface had almost uniform cavities, thereby leading to easy interlocking. Higher interlocking
between the substrate surface-coating interface leads to higher bonding strength.

Figure 10. Morphology of the thermal spray layer on the flat surface profile with the spray pressure of
4.5 bar: (a) macro view, (b) detail of b area.
Coating shrinkage also had deleterious effects on bond strength when the substrate surface is flat and
lacks cavities. Shrinkage makes stress move away from the substrate. The coating warped and its tip pulled
out during shrinkage [29-32]. The scheme of this deleterious shrinkage mechanism was illustrated by Xue et
al. [32] and is depicted in Figure 11. Warped coating reduces the contact surface between the coating and
substrate and ultimately reduces thermal spray bonding strength.

Figure 11. Splats shrinkage [32].
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On profiled substrates like V, small V and U surfaces, coating shrinkage had more deleterious effects
whereby the shrinkage forces had opposite direction on the peaks and valleys; hence, cracks formed on these
parts. Figure 12 illustrates the crack formation mechanism pertaining to the peaks and valleys of the surface
profile. Cracked coating reduces contact surface area and the bonding strength of thermally sprayed surface
[33-35]. Considering these phenomena, any attempts to expand the contact surface between the coating and
substrate by making a profile on the substrate surface were unsuccessful. Flat surface treated using
sandblasting appears to be the best method for preparing the substrate surface for the thermal spraying
process.

Figure 12. Cracking scheme at the V surface substrate
In this study, in addition to the substrate surface profiles, spray pressure was also evaluated. Based on the
overall examination of microstructures, it was determined that spraying pressure had no significant effect on
the substrate surface profile. To evaluate the effects of spray pressure on the morphology of the coatingsubstrate interface, the specimen sprayed at 4.5 bar pressure was considered for experimentation. Figures 13,
14, and 15 show the morphology of coating-substrate interface for small V, V, and U surface profiles,
respectively. Two types of defects, namely, cavity and crack, were emphasised to characterise the coatingsubstrate interface. Small V, V, and U surface profiles had both cavity and cracks on the coating-substrate
interface.

Figure 13. (a) Coating-substrate interface of the small V surface profile with spraying pressure of 4.5
bar, (b) b zone, (c) c zone and (d) d zone.
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Figures 13 (c), (d), Figure 14s (a), (c), and Figures 15 (c) (d) show the interface cavity pertaining to
the small V, V, and U surface profiles, respectively. Moreover, Figure 13 (b), Figure 14 (b), and Figures 15
(b) and (e) show interface cracking specific to small V, V, and U surface profiles, respectively. These figures
confirm the interface cracking and pore formation mechanisms that have been explained and illustrated in
Figures 9 and 12.

Figure 14. Coating-substrate interface of the V surface profile with spraying pressure of 4.5 bar: (a)
hypotenuse zone, (b) valley zone and (c) peak zone.

Figure 15. (a) Coating-substrate interface of the U surface profile with spraying pressure of 4.5 bar,
(b) b zone, (c) c zone, (d) d zone and (e) e zone.
During the thermal spray process, hot and molten material was sprayed onto the substrate surface. In
this study, aluminium was sprayed while the substrate was low carbon steel. Different combinations of heat
and pressure were used to spray aluminium onto the substrate and allow the sprayed materials to diffuse into
the surface of the substrate material. The diffusion of two or more different elements due to heat and pressure
can produce metallurgical bonds [36-39]. Diffusion of elements in the interface between the coating and
substrate occurs when the temperature of the sprayed material is sufficient enough to heat the contact surface.
The substrate may be in a molten state, and the fusion of two or more elements may occur. It leads to the
formation of microscopic alloy on the coating-substrate interface. If the substrate does not melt as a result of
the temperature of the sprayed material, high-temperature solid-state diffusion still happens, and a
microscopic alloy layer is created [40]. The simultaneous presence of metallurgical and mechanical
interlocking bonds on the coating-substrate interface leads to an increase in bonding strength.
This study proved that the surface profile of the substrate had significant effects on the diffusion of
materials sprayed onto the substrate surface. Based on EDS results, it was concluded that good diffusion
occurred when the sprayed material collides with the substrate surface perpendicularly. Figure 16 illustrates
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that the diffusion process on the interface pertinent to the flat surface was adequate. Diffusion occurred on a
significant portion of the substrate surface because the hot material sprayed on it collided the substrate
perpendicularly. It indicates that the flat substrate surface has the best diffusion. Presence of aluminium (Al)
in the substrate material (points 1 and 2) and Iron (Fe) in the coating material (point 3) proved that elemental
diffusion occurred during the spraying process.

Figure 16. EDS analysis on the coating-substrate interface with a flat profile
Thermal spraying process on the substrate with a small V surface profile made the sprayed material
collide with the substrate perpendicularly only on the profile peak (Figure 13c). This area was also observed
to have the diffusion of Fe and Al, as depicted in Figure 17. Due to the small pitch between the profile peaks,
the small V surface profile had an almost flat surface due to the abrasion on the peak profile as a result of the
sandblasting process; this phenomenon is depicted in Figure 7b.

Figure 17. EDS analysis on the coating-substrate interface with small V profile.
The V and U substrate surface profiles had smaller contact surfaces compared to small V and flat
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substrate surface profiles. Since diffusion cannot occur in the absence of a contact surface, there was little
diffusion of the sprayed material into the substrate on the V and U surface profiles. Figures 18 and 19 depict
the small degree of diffusion on the interface between the coating and the substrate pertaining to the V and U
surface profiles. Diffusion between two or more elements occurs when there is no cavity or barrier on the
coating-substrate interface [41].

Figure 18. EDS analysis on the coating-substrate interface with U profile.

Figure 19. EDS analysis on the coating-substrate interface with V profile.
3.3 Bonding Strength of the Coating

Figure 20 shows that the coating bonding strength when aluminium is sprayed on the low carbon steel
substrate is determined by spraying pressure and the surface profile of the substrate. The values for pressure
varied and the highest value was 6.24 MPa, while the lowest value was 2.33 MPa. The highest bonding
strength was obtained for the specimens having a flat surface profile and spraying pressure of 5.5 bar. In
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contrast, the lowest bonding strength was obtained for the specimens having V surface profile and spraying
pressure of 3.5 bar. Data fluctuation was notably high but, in general, the pull-off test data were certainly
valid since the thermal sprayed coatings got peeled entirely off in a circular manner with a diameter equal to
the surface diameter of the pulling device, as depicted in Figure 21. It indicated that the pull-off test results
were representative of the real coating bonding strength.
Typically, spraying pressure affects coating bonding strength during the thermal spray process. Higher
spraying pressure leads to higher coating bonding strength. Such is the case because of the density of the
coating layer sprayed on the substrate. High layer-density is expected to be obtained when there is a
significant impact between the sprayed material and the substrate. Impact is driven by spraying pressure. Due
to the immense force of the impact, the collisions between sprayed material and substrate surface make the
coating flatter and denser.

Figure 20. Bonding strength of thermal spray due to spray pressure and substrate surface profile.

Figure 21. Pull-off testing fracture, (a) flat surface profile, (b) Small V surface, (c) V surface and (d) U
surface.
This study proved that the addition of profiles on the substrate surface did not increase the bonding
strength specific to thermal spray coating. The profiled surface led to a reduction in the contact surface area
between the coating and the substrate as a consequence of surface cavities created due to the nonperpendicular impact during the sandblasting process, as illustrated in Figures 9-15. Surface cavities reduced
the contact surface and, therefore, reduced bonding strength [18, 21]. Due to the broader contact surface, the
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bonding strength of the thermally sprayed substrate having a flat surface profile was higher compared to
other surface profiles irrespective of spraying pressure.
Another factor that affects coating bonding strength is diffusion. Referring to Figures 16-19, it may be
observed that a substrate surface having wide flat areas had several sections where diffusion happened. The
substrate with a flat surface profile had diffusion across the substrate surface leading to high bonding
strength. The small V surface profile had diffusion specific to the profile peak area, as depicted in Figure 13.
Due to the small pitch of the peak profile, diffusion specific to the small V surface profile occurred on the
wide surface, and its coating bonding strength is very high; however, it remains lower than the coating
bonding strength specific to the flat surface specimens. The U and V substrate surface profiles lacked
diffusion on hypotenuse parts, as depicted in Figures 14 and 15. Consequently, the coating bonding strength
of the U and V substrate surface profile specimens was lower compared to the flat and small V substrate
surface profile specimens.
3.4 Buckling Test Results

Buckling test results are divided into three classes: no crack, minor cracks, and cracks with lifting, as
illustrated in Figure 5. Coated specimens would meet the no-crack criteria if the buckling force incident on
the specimen were not enough to create cracks on the coating. Minor cracking and cracks with lifting criteria
are attributed to the coated specimens that not only crack but are also accompanied by the removal of the
substrate coating when enough buckling force is incident on the specimens. In the context of this study, all
the buckling test specimens were classified as cracks with lifting criteria, as depicted in Figure 22. All
coatings lifted and were peeled off the substrate, which indicated that there was low buckling strength
pertaining to the thermal sprayed low carbon steel. The strength of the coating material (aluminium) is higher
compared to the bonding strength between the coating and the substrate. The tensile strength of aluminium is
80 MPa, while the highest bonding strength observed during this study was merely 6.24 MPa [42].

Figure 22. Buckling testing fracture, (a) flat surface profile, (b) Small V surface, (c) U surface and (d)
V surface
4. CONCLUSION

The effects of substrate surface profile and spraying pressure on the properties of the aluminium sprayed
thermally on low carbon steel were evaluated. The conclusions obtained from this study are as follows:

1. An increase in spraying pressure led to an increase in bonding strength the thermal sprayed coating
2. The flat surface had the best performance due to the simultaneous presence of metallurgical and
mechanical interlocking bonds on the substrate-coating interface. The addition of substrate surface
profile reduced the bonding strength of the thermal sprayed coating.

3. The profiled surfaces will make high bonding strength of thermal sprayed coating if the sprayed
material hit the substrate surface perpendicularly. A special thermal spray gun with a sensor
perpendicular to the substrate surface should be designed.

4. The interlocking between the coating and the substrate, cavities on the contact surface, and diffusion
on the interface determined bonding strength.
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