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Abstract
An investigation was conducted to analyze the mechanical properties, wear behavior, and microstructure of coatings formed 
by high-velocity oxygen fuel spraying of CoMoCrSi powders. The effects of varying Cr concentration and particle sizes 
before and after heat treatment at 900 °C for 4 h were studied comparatively. The increase in Cr and Mo elements in the 
expanse of Co increased the structure's hardness before and after the heat treatment. As this increase was 10% in as-sprayed 
conditions, annealing raised the increase to 30%. Splat boundaries were the most vulnerable constituents against forces, 
creating a significant disadvantage in terms of structural integrity and affecting the overall performance. After annealing, 
the boundary strengths experienced a remarkable four-fold increase and cracks and fractures reduced significantly. The 
susceptibility of splat boundaries had a detrimental effect on room temperature wear behavior, and increased boundary 
densities led to a marked reduction in wear performance. Heat treatment induced improvements significantly increased the 
room temperature wear performance. At elevated temperature, the formation of oxide layers composed of  CoMoO4,  Co3O4, 
 MoO3, and  Cr2O3 overcame the weaknesses of the as-sprayed coating, reducing both the friction coefficient and wear losses. 
A reduced Co ratio led to the formation of an oxide blend with a higher concentration of Mo and Cr oxides on the surface, 
further improving the coating's wear behavior.
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1 Introduction

Considering the tribological properties, high-velocity 
oxy-fuel (HVOF) Spraying become the preferable method 
because of its versatility and relatively more environmentally 
friendly properties than the other methods [1, 2]. HVOF 
introduces relatively higher spray velocities (1500–1800 

m/s) and controlled flame temperatures in comparison to 
the other spray methods, which allows the production of 
denser coatings with reduced oxide contents content [3–5], 
lower residual stress [6], and less machining and consumable 
costs [7]. Additionally, the process yields a lower heat input 
preventing the deterioration of properties of substrate and 
powder materials [8] and results in a controlled and predict-
able tribological behavior [9].

In addition to the above-mentioned aspects, increased 
cooling rates of the process allow the production of cermet 
coatings with increased wear properties [7, 10]. But with 
the higher costs, lower workability, and machinability of 
cermets, metallic powders become an alternative coating 
solution [11]. Moreover, when wear and corrosion proper-
ties at high temperatures are considered, among the metallic 
powders, Co-based Tribaloy alloys have become the com-
monly used option with the advantage of the formation of 
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the Laves phase in the coating structure during the HVOF 
process [12–16].

As one of the main constituents that has significant effect 
on the overall performance of the alloys, Laves is the inter-
metallic phase having  MgZn2 type composition which is 
formed generally as  Co3Mo2Si or CoMoSi in the Co-based 
Tribaloys [14, 17–19]. With its high melting temperature 
and hardness values reaching 1000 HV, the Laves phase 
becomes significantly advantageous against wear at elevated 
temperatures [13, 20–22]. In cases where the alloy is applied 
by conventional procedures like welding or cladding, Laves 
phase crystallizes as dendrites in the Co matrix [13, 20, 23]. 
However, extremely high cooling rates of HVOF prevent 
crystallization of the Laves phase whereas, microcrystals 
are formed in each splat yielding generally an amorphous 
structure [7].

Having numerous benefits, based on the composition and 
production techniques, heat treatment condition and oper-
ating temperature, Tribaloys have possibility to show sub-
stantial variation of the micro-structure and performance. In 
as-sprayed condition HVOF sprayed Tribaloy coatings pro-
duces mainly amorphous structure with formation of Laves 
phase [4] and initial spraying parameters may lead to signifi-
cant difference in resultant microstructure, mechanical prop-
erties and porosity concentration of the as-sprayed Tribaloy 
coatings [7]. Consequently, in order to stabilize the coatings 
and increase the performance, effect of heat treatment was 
put to focus in many occasions. It appears unlikely that Trib-
aloy alloys in their cast form would exhibit any improvement 
with heat treatment [24, 25]. However, it has been observed 
that amorphous coatings created through high-speed cool-
ing methods are greatly impacted by heat treatment. Studies 
have shown that temperatures below 600 °C do not signifi-
cantly affect the coating's structure or performance, but a 
range of 600 °C produces notable crystallization, increased 
hardness, and improved wear performance [26, 27]. In addi-
tion, annealing heat treatment at temperatures between 800 
and 1000 °C results in increased crystallization, compact-
ness, bond strength, and cross-sectional hardness of the 
coatings and also enhancing surface hardness, improving 
the wear behavior, and forming a protective oxide layer on 
the surface [28–31]. Furthermore, at elevated temperatures 
Tribaloys successfully build oxide films of mainly Co and 
Mo type on surface which acts as protection and lubrication 
and increases the wear performance [3, 7, 32].

This study aims to contribute to the existing literature by 
comparing the microstructure, mechanical properties, and 
wear behavior of two commercially available Co based Trib-
aloy powders T400 and T800 in both their as-sprayed condi-
tion and after annealing heat treatment. Study was focused 
on the inter-splat bonding strengths and their impact on the 
performance of coatings. While the influence of porosity on 
the structural integrity and performance of coatings has been 

previously explored in the literature [33–35], the present 
study offers a novel viewpoint by examining the impact of 
splat-boundary density on the overall integrity of the coat-
ings. This analysis is conducted by establishing a correla-
tion between the splat-boundary density and powder particle 
size. Furthermore, a relatively longer annealing time was 
selected to introduce a stark contrast between the as-sprayed 
and heat-treated structure and, simultaneously, to see the 
effects of prolonged exposure to high temperature on the 
microstructure. In contrast to previous studies investigating 
the effects of annealing [28–31], to gain a deeper under-
standing of how microstructure modification affects overall 
performance, the oxide layer formed during heat treatment 
was deliberately removed before conducting mechanical and 
wear assessments.

2  Experimental Procedure

The commercial Tribaloy T400 and T800 powders used in 
the study were directly purchased from Nadcap-accredited 
manufacturers Oerlikon Metco and Kennametal. Both pow-
ders were manufactured according to prime aviation manu-
facturer specifications. The elemental concentration of the 
alloys specified in the certificate of conformity supplied with 
the powders is specified in (Table 1). To investigate the dif-
ferences among the powders sensitively, a third powder, 
TMix, a 1:1 weight mixture of T400 and T800, was also 
introduced into the study. The elemental concentration of 
TMix, with averages of T400 and T800, was also presented 
in Table 1. Thermo gravimetric analysis (TGA) and differen-
tial scanning calorimetry (DSC) of the powders were carried 
out in an open atmosphere with a heating rate of 10 °C/min 
between room temperature and 1000 °C. In order to observe 
the thermal behaviors of the coatings, as-sprayed coatings 
were removed from the substrate and crumbled into particles 
smaller than 3 mm. These particles were then subjected to 
DSC analysis, gradually heated from room temperature to 
1300 °C at a rate of 10 °C/min. To ensure accurate results, 
the analysis was conducted in the presence of a protective 
N atmosphere, which allowed for the observation of micro-
structural changes while eliminating any potential effects 
of oxidation.

Table 1  Chemical analysis of powders (in wt%)

Element T400 TMix T800

C  < 0.08  < 0.08  < 0.08
Si 2.6 3.0 3.4
Cr 8.5 13 18
Mo 29 29 29
Co  ~ 60  ~ 55  ~ 50
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The coatings were produced by an HVOF gun installed 
on an industrial robot arm on Inconel 718 coupons placed 
on a rotator. Before coating, no preheating was applied, and 
the temperature of the coupons was continuously measured 
by infrared scanners. Air jet coolings were used to prevent 
overheating of the samples during coating to ensure coupon 
temperatures were held under 200 °C. The surfaces were 
coated via H, O, and N flows, respectively 626, 184, and 239 
NLPM, with a spray distance of 260 mm and a linear speed of 
121 mm/s with a powder feed rate of 50 g/min. In order not the 
introduce a parameter originating from the thickness, coatings 
having 250–200 µm were produced.

After coating, some specimens were annealed at 900 °C 
for 4 h in a preheated furnace and cooled in air. Six types of 
specimens were produced in total (Table 2).

The surfaces and cross-sections of all specimens were 
ground to 2000 grit and then polished using 3- and 1-micron 
diamond suspension and colloidal silica. No etching was 
applied. The surface oxide films formed during annealing were 
removed following the same procedure to see the microstruc-
ture's direct effect on the general performance, eliminating 
the surface oxidation. Similarly, to ensure surface roughness 
does not vary among the specimens, roughness measurements 
were carried out in two perpendicular directions after speci-
men preparation. The highest allowable roughness value of 
Ra = 0.06 µm was selected according to the results. Any speci-
mens failing to remain below this value are further polished.

Phase percentages of all specimens were determined from 
the optical images which are taken from 5 different locations 
of 3 different coupons for each specimen type. Measurements 
were carried out using image analysis software by making 
color selecting the respective phases.

T400 and T800 powders, and all coupons in the as-coated 
(AC) and heat-treated (HT) state were analyzed by XRD using 
Cu-Kα radiation in the 30°–90° interval with a 2°/min scan 
rate.

HV0.3 Vickers microhardness surveys were carried out 
over five randomly placed individual indentations on three 
different coupons of the same specimen type. After obtaining 
these results another survey of HV0.1 was done on one set of 
specimens over selectively selected 5 indentations that did not 
cause any surface fractures.

To draw out the general properties of splat bonding strength 
micro-scratch tests were carried out on three different coupons 
of the same specimen type, using a Rockwell-type diamond 
indenter with a 100 μm radius. During the tests, a scratch of 

5 mm was formed by applying a load between 0.2 and 20 N 
with a loading rate of 19.8 N/min.

Wear performance was determined by performing pin-
on-disc wear tests at room temperature and 600 °C using an 
Alumina pin having a 6 mm diameter. A load of 5 N with 
350 m wear length and 0.1 m/s linear speed was used.

Coating surfaces, hardness indentations, and surfaces of 
the scratch-tested specimens were examined by a scanning 
electron microscope (SEM) and an optical microscope. EDX 
analysis was also carried out.

3  Results and Discussion

3.1  Powder Properties

Figure 1 shows the TGA and DSC graphs, particle size dis-
tribution, and SEM images of T400 and T800 powders. The 
thermal analysis was carried out to determine any differ-
ences among the powders under the influence of heat, up to 
the heat treatment temperature of 900 °C, in the aspects of 
oxidation behavior or phase transformations. Moreover, both 
powders showed a similar trend. At 900 °C, the weight gains 
are nearly identical, and after about 400–500 °C, T800 yields 
a slightly higher heat flow than T400. Other than that, no 
glass transition or phase transformation behavior is observa-
ble for both powders. Due to differences in production meth-
ods, powder grains show different morphologies and a slight 
difference in particle sizes. Like the elemental concentration 
presented in Table 1, the particle size distribution specified 
in Fig. 1 is directly taken from the certificate of conformity 
supplied by the manufacturer. This table shows that 80% 
of T400 remains in the 20–45 µm range, which is 62% for 
T800. In contrast, 38% of T800 remains below the 20 µm 
range, and T400 has 15% in this interval. The majority of the 
particle size distribution of these powders is shifted slightly, 
with T400 being higher. To simplify the argument, assuming 
the powders have a normal particle size distribution among 
all specified intervals, the average particle size values were 
calculated to represent the variance among the specimens 
with a single value. Accordingly, the average particle sizes 
become 30 and 25 µm for T400 and T800, respectively. As 
the 1:1 mixture of T400 and T800 powders, an intermediate 
thermal behavior and particle size of 27.5 µm is expected 
for the third mixture of Tmix. It is also worth noting that 
in-flight particle interactions are also critical. According 
to the flame parameters, it becomes possible for individual 
particles to get in physical contact with neighboring ones, 
resulting in fusion between the particles, which becomes 
effective on both the morphology and the resultant average 
particle sizes [36]. Furthermore, in-flight interaction could 
well have different effects on different intervals causing a 
higher degree of modification at that section.

Table 2  The codes of specimens Alloy As-coated Heat-treated

T400 T4-AC T4-HT
TMix TM-AC TM-HT
T800 T8-AC T8-HT
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3.2  Heat Treatment

The heat treatment process used in this study was based 
on previous research that explored the impact of anneal-
ing at temperatures ranging from 800 to 1000 °C on Co-
based Tribaloy coatings [28–30]. The initial selection for the 
annealing temperature was 900 °C, and the temperature and 
soaking time were confirmed through DSC and X-ray analy-
ses to determine their applicability. During the DSC analy-
sis of the as-sprayed coatings T4-AC, TM-AC, and T8-AC, 
crumbled pieces were analyzed, and the data is presented 
in Fig. 2. The results showed that all three alloys exhib-
ited similar behavior with minimal differences, beginning 
with an exothermic reaction at 400 °C and continuing up to 
1300 °C, with no sign of melting or significant discontinuity. 
The gradual change in heat flow indicated continuous crys-
tallization of the alloys with increasing temperature. Based 
on the results, it was confirmed that the beneficial impact of 
heat treatment only occurs at temperatures above 600 °C, 
as previously shown in studies [26, 27, 30], and that the 
alloys retain their stability at 900 °C and exhibit significant 
heat flow, making this temperature suitable for this study's 
purposes.

Fig. 1  TGA–DSC graphs 
of powders T400 and T800 
embedded with SEM images 
and particle size distribution

Fig. 2  DSC graphs of as-sprayed coatings
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The microstructure's response to different soaking times 
was assessed by analyzing X-ray spectra after annealing for 
varying durations. Samples were annealed for 1, 2, and 4 
h, and their X-ray spectra were compared. To establish a 
baseline, initial trials were conducted on T4-AC coatings, 
which were expected to yield similar results to TM-AC and 
T8-AC due to their comparable DSC outputs.

As the main intention of the study is to see the effects 
of the of temperature after a relatively long exposure, to 
build a determinable contrast between the as-sprayed and 
annealed conditions, allowing crystallization and solid-state 

diffusion sufficient time; annealing trials of 1 h, 2 h and 4 h 
were carried out. As the control unit, the initial trials were 
done on coatings of T4-AC. With their similar DSC outputs 
any result obtained from T4-AC was expected to be similar 
to the specimens TM-AC and T8-AC.

The specimens subjected to X-ray analysis after being 
annealed for 1, 2, and 4 h displayed significant and identical 
peaks in their X-ray spectra. Of greater significance, how-
ever, is the observation that the majority of peaks exhib-
ited a significant increase in intensity after 4 h of annealing 
time, despite the similarity in intensities at 1 and 2 h (as 
shown in Fig. 3). It should be noted that the X-ray studies 
will be elaborated on in subsequent sections, and that this 
image serves only to demonstrate the difference in intensities 
without identifying the phases. Comparison of these spectra 
with the results of DSC analysis suggests that crystallization 
continues to occur at longer soaking times, leading to a rela-
tively higher degree of crystallization after 4 h of annealing 
compared to both 1 and, more importantly, 2 h.

Considering the persistence of crystallization, soaking 
time was chosen to be 4 h. This was made to facilitate a dis-
cernible differentiation between the as-sprayed and annealed 
conditions, thereby enabling an adequate timeframe for both 
crystallization and solid-state diffusion to occur.

3.3  Micro‑structure

Cross-section images of the alloys in both the as-coated and 
heat-treated conditions are illustrated in Fig. 4. Arrows of 
different colors mark the various phases that can be differ-
entiated. Specifically, white, yellow, red, and blue arrows 
indicate splat boundaries, voids, dark nodular phases, and 
gray phases, respectively, all of which will be characterized 
below. The simplest structure was observed in specimen 
T4, whereas specimens TM and T8 exhibited a relatively 

Fig. 3  X-ray spectra of as-sprayed T400 coating obtained after vari-
ous annealing times

Fig. 4  Optical microstructure of cross-sections of coatings in as-coated and 900 °C heat treated conditions
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complex structure with significantly higher splat boundary 
density. The gray phases highlighted by blue arrows were 
only visible in specimens TM and T8. After heat treat-
ment, the presence of dark nodular structures shown with 
red arrows increased significantly, and splat boundaries lost 
continuity and turned into dashed curves. SEM images of 
the surface of specimens TM-AC and HT (Fig. 5) revealed 
these phases and changes under SEM imaging.

Notably, the phases shown with blue arrows are difficult 
to distinguish in SEM compared to optical microscopy. 
Nonetheless, all other elements are visible. Additionally, 
with higher level of detail the disappearance of bounda-
ries of lower contrast in Fig. 5A, and the distinguishable 
dashed structure of splat boundaries after heat treatment in 
Fig. 5B are highlighted. Morphologically, this change shows 

a remarkable similarity to the change observed previously, in 
the cold-sprayed coatings under the influence of heat treat-
ment [37] which resulted in the closure of splat boundaries 
and cracks. Similarly in our case, these findings point out 
crucial evidence for solid-state diffusion bonding across 
the splat boundaries. Furthermore, Fig. 5B shows that the 
distribution of black nodular phases is commonly related 
to splat boundaries. The presence and characterization of 
these phases will be detailed in following sections. It is also 
worth noting the formation of a pattern of darker and lighter 
sections in the matrix after heat treatment, as shown in the 
insert of Fig. 5.

The dark and light regions of the matrix pattern have 
been analyzed through EDX analysis, which has shown the 
specific composition changes in all three alloys. The light 
regions, marked as X in Fig. 6A, are rich in Mo and Si, 
while the darker regions, marked as Y in same figure, have 
higher concentrations of Co and Cr compared to their initial 
concentration. As discussed in previous literature [38], the 
elevated concentrations of Mo and Si in the local area sug-
gest the presence of Laves phases, while the increased levels 
of Co and Cr indicate the formation of a Co-based solid 

Fig. 5  Surface SEM microstructure of specimen A TM-AC and B 
TM-HT with a magnified section of matrix of annealed specimen as 
the insert

Fig. 6  EDX analysis results various regions specified in the micro-
structures shown on SEM images of A surface and B cross-section of 
TM-HT and T8-AC respectively
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solution. Tribaloys, in their cast form, are hypereutectoid 
solutions with a primary Laves phase in Co solid solution. 
Upon heat treatment, the as-sprayed alloy tends to attain 
equilibrium, which is evidenced by this locally accumulation 
of elements. This observation supports significant diffusion 
within the structure and the notion of diffusion bonding.

Additionally, areas denoted as Z and indicated by red 
arrows in Figs. 4 and 5 are not significant in the as-sprayed 
state and can be difficult to differentiate from other constitu-
ents. However, meaningful EDX data was obtained from 
these regions in AC conditions, revealing a drastic increase 
in Cr and Si (Z in Fig. 6A). After undergoing heat treatment, 
unlike in AC conditions, significant differences in composi-
tion were not easily observable. Nevertheless, these regions 
consistently exhibit increased Si levels, almost twice the 
original concentration. Wang et al. [31] showed that the 
neighborhood of inter-splat boundaries in plasma-sprayed 
coatings had significant accumulations of Cr (62 wt%) and 
Si (14 wt%), forming distinct phases of approximately 5 μm 
or larger. Guo et al. [29], replicated these findings and also 
found significant enrichment of Cr (26 wt%) and Si (53 wt%) 
in the same regions after annealing at 800 °C for 1 h, with 
a morphology similar to the present study. Both studies 
identified these regions as  CrSi2 Laves phases. However, 
it is not expected to observe large CrSi2 phases with any 
alloy composition under consideration in this study after 
heat treatment, based on the Cr–Si binary phase diagram 
[39], since  CrSi2 requires approximately 50 wt% Si. Con-
sidering the resolution of EDS and the size of the inspected 
region being below 0.5 μm, increased concentration of Si 
was still observable when it was highly possible to collect 
data from neighboring regions of the surface or thickness. 
Consequently, these findings support the presence of Si with 
relatively higher values in these particles. The elemental 
concentration of Cr would be sufficient for the formation of 
CrSi2 in the majority of coating, but the formation of this 
phase in relation to splat boundaries suggests a significant 
accumulation of Si in these sections. Furthermore, as a suc-
cessful repetition of the findings of the studies mentioned 
above [29, 31], CrSi2 particles are significantly denser in 
the neighborhood of the splat boundaries. Especially when 
in a particular region, higher volume of splat boundaries 
come together; at these sections, the density of CrSi2 fur-
ther increases. Such examples can be seen in Fig. 4D–F. In 
addition to splat boundary cohesion, elemental diffusion 
across the splat boundaries also favors the formation of 
 CrSi2 particles.

Finally, in regions T in Fig. 6B, a significant amount of 
oxygen and Cr were detected. These Cr–O regions exist in 
both heat treatment conditions for specimens TM and T8 
but their presence cannot be evidenced in the specimens 
T4-AC and T4-HT. Their absence in the lowest Cr con-
centration suggests that these sections are mainly  Cr2O3. 

It is also expected to encounter Co and Mo oxides in the 
specimens but they also don’t show any contrast in both 
optical and SEM images. It is judged that with higher oxy-
gen affinity of Cr with respect to Co in the melt [40], only 
increased Cr concentration results in observable oxidation 
in the structure.

The X-ray spectra of powders and coatings are displayed 
in Fig. 7. In the 40°–50° range, both powders exhibit a crys-
tallized pattern of phase composition consisting mostly of 
CoMoSi,  Co3Mo2Si, and  Co7Mo6. These phases display 
heightened intensities in T800 powders. As will be explored 
further, a decrease in Co concentration results in an increase 
in the volume of the Laves phase in the structure, which is 
also evident in the difference in powder spectra. In contrast 
to powders, coatings reveal a predominantly amorphous 
structure with a broad hump between 40° and 50° and a 
few small peaks. This suggests that during spraying, pow-
der particles were fully melted, and rapid cooling rates hin-
dered crystallization to a greater extent. Upon annealing, 
significant crystallization occurs in all coatings, forming a 
more complex structure than in the original powder forms. 
All three alloys exhibit peaks at nearly identical diffraction 
angles with some discernible intensity differences. The 
phases identified are consistent with previous studies [29, 
30, 41], with the presence of  Co3Mo,  Mo3Si, and  CrSi2 in 
addition to the previously mentioned phases. Upon careful 
consideration of the relevant data, it has been observed that 
both X-ray and EDX analyses yield consistent findings.

The phase analysis done on optical images quantitatively 
measures the phase changes in all specimens. The change in 
density of the constituents in the coatings is significantly vis-
ible in the surface microstructures, as presented in Fig. 8A, 
and the results can be seen in Fig. 8B. Since the measure-
ments also include the voids in the coatings, the total ratio of 
the voids measured from the cross-sections of the coatings 
was also integrated into the column chart in Fig. 8B.

In all coatings, average porosity levels were in the range 
of 0.5%, which showed a reduction of 0.1% after heat treat-
ment in all specimens. Remelting or partial remelting of 
the coating by heat treatment or other methods reduces the 
number of voids and increases the bonding strength and 
integrity [30, 31, 33–35, 42]. Similarly, the voids and cracks 
were examined to be cured by the effect of diffusion bond-
ing after annealing [43–46]. As can be seen in Figs. 1 and 
2 and by examination of the binary and ternary phase dia-
grams of Co–Mo–Cr–Si element combinations in literature 
[39, 47–49], no melting is expected during a heat treatment 
at 900 °C. The primary mechanism of porosity reduction 
is considered to be solid-state diffusion bonding, which is 
already present in Fig. 5. Moreover, a reduction of 0.1 is a 
meaningful difference expected from the diffusion bonding 
process. Furthermore, it was concluded that similar porosity 
values remaining less than 1% in all specimens will not be 



 Metals and Materials International

the decisive factor in any variation of the mechanical and 
wear performance of the specimens.

Despite some observable differences in porosity concen-
tration, it was determined that average values of 0.5% were 
also not decisive for remaining phase ratios in general. As 
previously mentioned, the splat boundaries are the primary 
components of as-sprayed specimens. While TM and T8 dis-
play the formation of  Cr2O3 (T in Fig. 6B) in addition to the 
splat boundaries, they are less visible in surface view com-
pared to the cross-section. Therefore, the phase ratio meas-
urements of AC specimens mainly indicate the amount of 
inter-splat boundaries in the structure. Following heat treat-
ment, there was no change in the presence of Cr oxides, but 
as described previously, heat treatment causes the formation 
of  CrSi2 in all types of specimens. Thus, the primary differ-
ence in the phase measurement results between the AC and 
HT is the formation of  CrSi2. Consequently, considering the 
results of AC specimens, as the particle size reduces in the 
order T4-TM-T8, the ratio of the inter-splat structure shows 
a nearly linear and constant increase of 8%–9% among the 

Fig. 7  X-ray spectra of powders 
and specimens in as-sprayed 
and heat-treated conditions

Fig. 8  A Phase painted surface optical microstructure images of all 
types of specimens and B area percent of phases
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specimens with the opposite order. However, with the appli-
cation of heat treatment, an increase in phase ratio of 4, 5, 
and 9% occurs, respectively, for specimens T4, TM, and T8, 
which, as stated, corresponds to the formation of  CrSi2. The 
increase in Cr is linear among the three alloys, but CrSi2 
shows an exponential increase, nearly doubling between TM 
and T8. These findings align with the previously mentioned 
mechanism of CrSi2 formation in relation to splat boundary 
density and the presence of Si in these areas. As a result, the 
heat treatment process promotes the formation of CrSi2 due 
to the increased splat boundary density.

3.4  Mechanical Properties

Micro-hardness test results and hardness indentation images 
are given in Fig. 9A, B, respectively. Considering the HV0.3 
results, in the as-coated state, there is a decreasing trend in 
hardness in the order of T4, TM, and T8, and the difference 
between average values are between 61 and 31 HV0.3, cor-
responding to 5%–8% of the individual results. The inden-
tation images reveal a significant surface breakdown in the 
neighborhood for AC specimens (Fig. 9B). Some detach-
ments (white arrows) and cracks (red arrows) form during 
the test, which makes it difficult to distinguish the edges 
of the indentations. After heat treatment, the surface dis-
sipation significantly reduces (Fig. 9B). Some detachments 
were observable at lower degrees compared with the AC 
state. After heat treatment, a significant hardness increase 
was observed with respect to the AC conditions, with T4 
and TM showing very close values and T8 becoming the 
hardest among the three alloys. Considering the possible 
effects of cracks around the indentations on the test results, 
another set of test with a proportionate yet lower scale of 
HV0.1 was conducted to obtain results without breaking the 
surface. Even though still some fractures were present after 
HV 0.1 indentations, their ratio was significantly lower, and 
furthermore it was possible to obtain sufficient number of 
intact indentations to obtain reasonable results. This way, 
a better test successfully representing the hardness of the 
microstructure without the effects of fractures was done.

With HV0.1, in both AC and HT conditions, a dif-
ferent trend with higher hardness results was observed 
(Fig. 9A). This time, a gradual increase was obtained in 
the order T4 < TM < T8 in both AC and HT states. In AC, 
this increase remains in the range of 4%–7%, but after heat 
treatment, this difference doubles, reaching 14%. Compar-
ing the AC and HT states, a gradual increase of 11, 18, 
and 30% was observed, respectively, for specimens T4, 
TM, and T8. As mentioned in an earlier review study [50], 
increasing the Mo/Co ratio results in a higher degree of 
hardening by allowing a higher degree of Mo-based Laves 
phases in the structure. In addition to increased amounts 
of Mo, the presence of Si favors the formation of Laves 

phases [41, 51]. In our case, as the Co concentration gets 
lower among the specimens, the relative amounts of both 
Mo and Si increase in concentration, which forms higher 
amount of Laves phases with increased hardness. As-
sprayed specimens are also capable of producing higher 
amounts of Laves phases as Co concentration gets reduced 
in the alloys but after annealing, as described previously, 
formation of Laves becomes more significant and change 
in hardness becomes more pronounced. Morever, the dif-
ference between trends of HV0.3 and HV0.1, show that 
surface integrity significantly influences mechanical prop-
erties which will be explored with scratch testing.

Fig. 9  A HV0.3 micro-hardness test results and B optical images of 
hardness indentations
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The use of scratch tests provides reliable information 
regarding the coating integrity. Figure 10 displays SEM 
images that illustrate the surface topography of the tested 
specimens. The as-coated specimen displayed brittle 
behavior with significant cracking, while the heat-treated 
specimens exhibited a trace embedded with cracks that had 
undergone plastic deformation. As the indenter traversed, 
significant crack formation persisted in the as-coated speci-
mens, resulting in a surface covered in cracks. Conversely, 
in the heat-treated specimens, while some cracks emerged 
in the initial stages of testing, there existed regions free of 
cracks. Beyond the midpoint, the frequency and severity of 
cracks increased, yet still remained notably less than the 
as-coated specimens.

The transition between the surface and scratch geometry 
leads to cracks of higher significance at the edges in all spec-
imens, as shown in Fig. 11A. This effect is more pronounced 
in the as-sprayed condition, which shows a higher degree of 
brittleness, causing cracks to protrude from the indenter con-
tact area and dissipate in close neighborhoods. In contrast, 
plastic deformation with fewer cracks is observed in the 
annealed state. Further magnification (Fig. 11B–D) reveals 
that the cracks are mostly related to inter-splat boundaries, 
which become more apparent at the edges of the traces for 
the AC specimens. These cracks make branches perpendicu-
lar to the scratch direction through the center of the scratch, 
which are sparse in T4-AC (Fig. 11B) and have highest den-
sity in T8-AC (Fig. 11D), and TM lies in between.

Figure 12 provides a closer look at the cracking behavior 
of the specimens, with yellow arrows indicating separated 
splat boundaries and red arrows showing cracks originating 
from the tips of these boundaries. The structure of the splat 
boundary separation indicates a torn structure, while the rest 
of the cracks display brittle characteristics with no defor-
mation at the opposing edges. As seen in the same image, 
cracks originating from the splat boundaries (yellow arrows) 

produce some curves with no relation to the indenter direc-
tion. However, brittle cracks shown in Fig. 12A, B which 
propagate perpendicular to the indenter direction are cracks 
originating from the tips of the separated boundaries (red 
arrows). Having interconnected cracks with different charac-
teristics suggests that splat boundaries act as stress concen-
trators and favors initiation and propagation of other cracks 
and these propagated cracks reaches to the other separated 
boundaries and forms a crack network. This behavior is sig-
nificantly visible in Fig. 12B.

Upon thorough examination of the heat-treated speci-
mens, noteworthy improvements became apparent in the 
cracking behavior. As demonstrated in Fig. 13A, similar to 
the as-sprayed specimens, cracks were observed originating 
from the splat boundaries, indicated again by yellow arrows. 
Even though other separated boundaries were nearby, heat 
treatment prevents further propagation and separated bound-
aries remain disconnected. This effect was particularly evi-
dent in the region indicated by the blue arrow where two 
separated tips were 2–3 μm apart and remained disconnected 
(Fig. 13A). In the upper sections of Fig. 13B, this behavior 
was even more accentuated. All cracks followed splat bound-
aries and, despite a higher boundary density, they remained 
mostly disconnected. However, the crack marked by the red 
arrow exhibited similar brittle characteristics seen in the 
AC specimens. Although significant evidence of increased 
toughness is visible with the effect of heat treatment, few 
brittle cracks still exist.

For further understanding the variation of cracking 
behavior, analysis was quantized by determining the critical 
force for cracking and measuring the crack density. Critical 
force for cracking, the force required to initiate the earliest 
crack in the scratch trace, was taken as a representation of 
bonding strength of the coatings. The initial cracks were 
detected using the SEM images presented in Fig. 10 and 
measuring their distance from the beginning of the trace 

Fig. 10  SEM images of micro-scratch traces of specimens in AC and HT conditions
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the force at that point was calculated. Results for critical 
force for cracking is presented in Fig. 14B. According to this 
figure as-sprayed specimens forms first cracks at 0.5–1.1 N 
interval whereas this increases to 2.9–3.4 N after anneal-
ing. Considering these results, it is revealed that the bond-
ing strengths in as-sprayed and heat-treated states are very 
similar among each other and heat treatment provides an 
increase of approximately 4 times. Moreover, results con-
tain relatively high measurement errors, up to 50% for the 
AC-specimens and 15%–20% for the HT-specimens. For 
instance, for the specimen T4-HT having the maximum error 
of 0.7 N, it takes the indenter to travel 175 µm to gener-
ate this difference. Since cracks were mainly related to the 
splat boundaries, during the travel of indenter upon a weaker 
boundary at the slightly earlier stages or slightly later stages 
can well change the initial crack location. Thus, no meaning-
ful relation can be built regarding the alloy concentration or 
average hardness values for the HT and AC specimen sets.

Additionally, general cracking behavior throughout the 
entire scratch trace was observed by counting the number of 

cracks. To obtain the crack count, a line was drawn through 
the center of the traces, and all cracks that intersected these 
lines were tallied, as demonstrated in Fig. 14D. The find-
ings depicted in Fig. 14A show that as expected, the num-
ber of cracks gradually increases in all specimens as the 
force increases. As the fractographic examination revealed 
that the cracks are related to the splat boundaries, a cor-
relation between the number of cracks (Fig. 14A) with the 
splat boundary density (Fig. 8B) becomes logical. In AC 
condition, the boundary density increases almost linearly 
in among the specimens (Fig.  8B), however, when the 
total number of cracks are compared, an exponential trend 
is observable. T4 and TM showed very similar values up 
to a distance of 3 mm, but beyond that point, the number 
of cracks in specimen TM slightly increased compared to 
T4-AC. Among these specimens T8-AC shows signifi-
cantly higher number of cracks through the whole length. 
Among these specimens, boundary density and hardness 
increase in the same order as T4 < TM < T8. Again, paral-
lel to the fractographic examination, as the splat density 

Fig. 11  SEM Images of A 
general view of mid-sections 
of micro-scratch traces of all 
specimens and B T4-AC, C 
T8-HT and D T8-AC at higher 
magnifications
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increases, the distance between two boundaries reduces and 
it becomes easier for cracks to propagate from one boundary 
to the other. Furthermore, in the amorphous structure the 
since the increase of hardness is related to the formation of 
higher amount of Laves phase, increase of hardness points 
to increased brittleness with absence of Co-based solid solu-
tion. Combination of these two factors show an increased 
cracking vulnerability in specimen T8-AC.

On the other hand, annealing heat treatment led to a dra-
matic decrease in the number of cracks, regardless of the 
alloy concentrations. Furthermore, they exhibited very simi-
lar behavior throughout the test. Figure 14C shows the true 
crack density at the final and most compelling section of the 
test. Although we still obtained the highest number of cracks 
in the T8-AC in this section, it is very close to the results for 
TM-AC, contrary to what we observed in the whole length. 
T4-AC shows an important difference at this section, with its 
lowest boundary density. Heat-treated specimens, unlike the 
as-coated specimens, exhibit nearly identical behavior in the 
final 1 mm length, as observed throughout the entire trace.

It is also worth noting that although annealed specimens 
show very similar cracking density, a comparison with the 
as-sprayed condition reveals various strengthening levels 
between the specimens. As the number of cracks of the as-
sprayed and heat-treated specimens is compared in the whole 
scratch trace, specimens yield 88, 88, and 92% reduction 

in the number of cracks, respectively, for T4, TM, and T8. 
These ratios become 80, 84, and 85 in the final 1 mm, again 
in the same order. Consequently, supporting the above expla-
nations about the phase ratio of the specimens, combining 
higher density of splat boundaries with an abundance of Cr, 
a higher degree of strengthening occurs with the effect of 
annealing heat treatment. Diffusion welds the weaker splat 
boundaries and simultaneously promotes the formation of 
hard CrSi2 particles in close proximity, further strengthen-
ing the boundaries.

Furthermore, the total deformed area of the annealed 
specimens was calculated by measuring the scratch 
trace widths of heat-treated specimens. The results were 
9.96 ×  10–3, 9.80 ×  10–3, and 9.17 ×  10−3   mm2, respec-
tively, for T4, TM, and T8, which makes a 6%–8% reduc-
tion between the specimens. The plastic deformation of 
the specimens shows a parallel reduction with the forma-
tion of CoMoSi,  Co3Mo2Si, and  CrSi2 laves phases and the 
strengthening of the splat boundaries.

The fractographic examinations and quantitative analysis 
of scratch tests conclude that the weakest regions in both as-
sprayed and heat-treated conditions are the splat boundaries, 
originating all cracks. The overall strength of the coatings is 
directly linked to the strength of the inter-splat boundaries. 
In the presence of weak boundaries, the integrity of the coat-
ing decreases parallel to the density of the splat boundaries. 

Fig. 12  SEM images of scratch 
traces of specimens A TM-AC 
and B T8-AC at higher magni-
fications with respect to Fig. 11 
showing lower central section 
of T8-AC as an insert in greater 
detail
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Applying annealing heat treatment shows a solid advanta-
geous difference in boundary strength achieved by diffu-
sion-controlled solid-state welding across the boundaries 
[38, 43–46]. In our specific case, it was possible to obtain 
a four-fold strengthening of the splat boundaries by anneal-
ing. Additionally, modifying the alloy concentration makes it 
possible to cure a higher volume of splat boundaries, result-
ing in a lower number of cracks combined with reduced 
deformation, resulting in a higher degree of toughness.

3.5  Wear Performance

Figure 15A offers a clear visual representation of the wear 
scars of all three specimens after room temperature tests. 
The primary objective of these images is to draw attention 
to the differences in wear scar topography among the speci-
mens in a more discernible way. In the AC condition, these 
images reveal significant surface disruption accompanied 
by abrasive wear, with the level of deterioration increas-
ing in the order of T8 > TM > T4. Further analysis reveals 
that the topography of the wear tracks exhibits a parallel 
behavior with the scratch tests, as initially observed. Despite 
a slight variation in wear ratio, distinguishable yet com-
mon sections were detected in all three types of specimens. 
These shared components indicate that the wear rate is the 
primary differentiating factor among the as-sprayed speci-
mens after undergoing room temperature tests. To provide Fig. 13  SEM images of scratch traces of A T4-HT and B T8-HT

Fig. 14  Graphs of A number of cracks versus scratch distance, B critical force for cracking and C number of cracks in final 1 mm length of 
scratch trace and D illustration showing the crack counting method
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a comprehensive characterization, these components were 
labeled using Roman numerals.

Moreover, elemental composition of the wear tracks was 
surveyed and presented in Fig. 15A as an insert. The oxygen 
content is investigated for signs of tribo-oxidation, while the 
presence of aluminum for adhesion as indication of rem-
nants of the counter body. Wear tracks show the presence 
of significant oxygen and some aluminum. The aluminum 
content remains consistent among all specimens at very low 
levels. It is worth to note here that it was possible to detect 
an average of 0.5 weight percent Aluminum in EDX analyses 
performed on locations away from the wear path. Therefore, 
it is certain that there is mainly no aluminum residue on the 
surface, or if there is, the amount is very low. On the other 
hand, slight and gradual rise in oxygen levels in the speci-
mens indicates an increase in the degree of tribo-oxidation 
caused by greater surface dissipation. The resultant effect of 
this change will be examined while discussing the friction 
behavior.

Compared to the as-sprayed coatings, the wear tracks of 
annealed specimens exhibit lower oxygen concentration and 

greater variation in values and again the aluminum content 
is negligible (Fig. 15B). Upon further inspection, it's evident 
that the sliding procedure creates a banding effect on the 
surface with higher oxygen content, which ultimately deter-
mines the wear track's total oxidation behavior. Figure 15B 
also illustrates that the thickness of these bands varies from 
specimen to specimen and location to location, resulting in 
a fluctuation of the wear track's total oxygen concentration 
depending on the location of the EDX analysis. These bands 
will be detailly investigated in following sections.

In Fig. 16, magnified images of wear tracks, which have 
been marked to correspond with the regions in Fig. 15 can 
be seen. EDX analysis results are also presented for these 
regions below the images, which provide valuable findings. 
As clearly seen from this image, after wear, the surface 
becomes composed of constituents having different topog-
raphies and oxygen and aluminum concentrations. As three 
elements, regions marked as I, II and III construct the main 
structure of the wear topography. Region I, has the highest 
oxygen concentration among other constituents and alu-
minum reaching 2 wt% and they reveal very close Co and 

Fig. 15  Optical images of wear 
tracks of POD tests at room 
temperature
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Mo values in all three alloys. The topography, elemental 
concentration and the presence of these elements are well 
in line with the findings related to  Co7Mo6 particles that 
were specified in the previous study carried out by Guo et al. 
[29]. These hard particles remain attached to the surface and 
endure the whole wear process in all three alloys. According 
to the findings of same study [29],  Co7Mo6 undergoes oxida-
tion to form  CoMoO4. This transformation may occur during 
wear at room temperature, when localized high temperatures 
are present [27]. As surface dissipation increases, the sur-
rounding sections of this phase are removed, and  Co7Mo6 
particles come into direct contact with the pin during testing. 
This leads to greater oxidation of the particles. Moreover, 
an increase in the Mo/Co ratio would favor the formation 
of  Co7Mo6 and increase the number of particles, similar to 
the formation of the Laves phase. The effectiveness of this 
phenomenon was observed to vary with the oxygen concen-
trations of the specimens.

Regions marked with number II have some oxygen and 
very close elemental concentration to the initial alloys, 
which suggests they are mainly intact sections with some 
tribo-oxidation. The plowed topography suggests the pres-
ence of some abrasive wear in these sections. Regions 
marked as III are detached zones. They are present in all 
alloys, and their oxygen concentration shows variations 
among them. EDX data is collected from the remaining coat-
ing layers underneath the initially detached components in 
these sections.

Additionally, the oxidation rate of the newly exposed layer 
after detachment will differ based on the test stage at which 
it occurred. A comparison of images in Fig. 16A–C confirms 
the initial observation made in Fig. 15A about the degree of 
surface degradation. Magnified images reveal that regions 

marked as II give way into III evidencing loss of integrity at 
varying magnitudes parallel to the crack intensity.

Although having lower presence, the zones numbered IV 
and V, also appear in every structure. Region IV showed 
some deformation and formed a wavy structure in the ori-
entation perpendicular to the direction of movement of 
the pin and some cracks in several locations. They showed 
higher oxidation than region II and various oxygen contents 
were detected in all three alloys. Inspecting Fig. 16 reveals 
that this wavy structure seems to be forming on different 
components which explains variations in oxidation. Finally, 
although the regions numbered V look like a unique struc-
ture, these also are the sections where detachment occurs. 
They are very similar to the region III with not as deep and 
prominent damages.

Following annealing heat treatment, the topographical 
features of all alloys undergo a near-complete transforma-
tion at room temperature and all three alloys reveal similar 
appearance (Fig. 15B). As illustrated in Fig. 15B surface 
is composed of black sections, a light surface and a darker 
band which are numbered VI, VII and VIII respectively. A 
more detailed view of the wear scar is provided in Fig. 17. 
In Fig. 17A the banding is very clear and mainly a plasti-
cally deformed wear path is observable. A detailed look at 
Fig. 17B reveals the general structure of the darker band 
exhibiting a topography similar to the aforementioned wavy 
structure and additionally, a branched crack network which 
is clearer at the lighter section partially covering the surface 
is visible. Again, the elemental concentration of the num-
bered zones is supplied as an insert in Fig. 17.

It is worth noting that the constituents marked as VI 
appear to be the same particles numbered as I in Fig. 16. 
In this test, since the surface remained more robust, these 

Fig. 16  SEM images of pin on disc wear tracks of as-coated specimens A T4, B TM and C T8 for test at room temperature and EDX analysis 
results of all the phases that are marked on images
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particles remained relatively hidden and since the frictional 
load on the particles was shared by the neighboring surface, 
the oxidation rate remained slightly lower than the AC speci-
mens. Detailed images of particles number VI with higher 
magnification are presented in Fig. 18 and marked with yel-
low arrows. In the images the out-of-focus sections shown 
by yellow arrows represent the pieces of these particles that 
were broken and removed from the surface during wear. 
Also, upon close inspection, cracks on the remaining darker 
sections especially in the particles shown in Fig. 18B are 
visible. These cracks suggest that as the wear progresses the 

individual cracks propagate and make connections forming 
highly fractured local zones and consequently these regions 
gets detached from the surface. The significant cracks in 
Fig. 18B accompanied by small detachments also support 
this phenomenon. As depicted in the figure, the size of these 
broken particles can easily exceed 50 μm (Fig. 18A), or it 
is possible to come across smaller but clustered versions of 
these fragments in relatively small areas (Fig. 18B). Fur-
thermore, these particles are not uncommon or sparse along 
the wear circumference in all three specimens. Hence, after 
annealing, although not comparable to the as-coated speci-
mens, some slowly progressing detachment was observed.

The darker band (marked as VIII), shows some oxidation 
and conversely, the lighter section (number VII), exhibited 
very low oxygen concentration. No evidence of aluminum 
was present in both sections. Even with significant crack 
propagation during the test, annealed specimens conserve 
the ability to maintain integrity compared to as-sprayed 

Fig. 17  SEM images of wear scar of specimen T8-HT pin on disc 
tested at room temperature at A lower and B higher magnifications. 
Region VI, VII and VIII are marked on the images and their EDS 
analysis are given in middle

Fig. 18  Optical images of wear scars of room temperature POD tests 
of specimen A T4-HT and B T8-HT
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specimens. As in scratch testing, this is another good indica-
tion of increased toughness. Additionally, plucking of these 
relatively larger sections, higher ductility of wear track, and 
presence of hard  Co7Mo6 particles embedded in the structure 
prevent the counter-body from making homogeneous contact 
with the surface and result in the formation of oxidized areas 
as bands that show variance along the wear path.

Results from high-temperature tests indicate a very dis-
tinct wear behavior compared to room temperature tests, 
but resultant structure for as-coated and heat-treated speci-
mens are similar to some extent. Images presented in Fig. 19 
demonstrate the structure after the high-temperature tests. 
In these images a more uniform structure with no banding 
or waves is present. Some plowing is visible. It was pos-
sible to rarely encounter detached sections as indicated by 
white arrows in Fig. 19. EDX analysis of the wear track and 
locations away from the wear scars (Fig. 19-insert) shows 

significant oxygen concentration, which reveals formation 
of a homogeneous oxide film on the whole surface. As the 
main difference between the room temperature and high tem-
perature tests of as-coated specimens, the oxide film con-
tributes to the integrity resulting a very dramatic improve-
ment with just scarcely distributed detachments. Moreover, 
although there were also some dismantled sections of the 
heat-treated specimens, with a rough observation through 
the images (Fig. 19) these were determined to be lower than 
those of the as-sprayed specimens. This further reduction 
was achieved with the contribution of splat boundary cohe-
sion to the oxidation.

Like in previous steps, different regions were numbered 
on SEM images (Fig. 20), as IX and X. These individual 
points show relatively higher oxygen concentrations than 
the average values of the rest of the structure. These areas 
on the as-sprayed specimens are separated by more distinct 

Fig. 19  Optical images of wear 
tracks of POD tests at 600 °C
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boundaries compared to the heat-treated ones (Fig. 20A). 
After heat treatment, the topographical difference between 
them was found to be very small (Fig. 20B). This relatively 
heterogeneous structure in AC specimens is a reflection 
of the multi-component structure detected in room tem-
perature tests. In addition to the different behavior of this 
structure under wear conditions, it was also revealed that 
there was a regionally different oxidation behavior at high 
temperature in these specimens producing a surface com-
posed of a pattern of higher and lower oxide concentra-
tion. Elevated temperature tests show that in addition to 
all mechanical changes, heat treatment also reduces the 

regional differences in oxidation tendency and provides 
the structure with an oxide film of a higher degree of 
homogeneity.

Further characterization of the locations with high oxygen 
concentration was done with Raman analysis to pinpoint the 
oxidation products on the wear surfaces. It is known that the 
presence and types of oxides play determinant roles on the 
overall performance of the wear surface. More specifically 
especially related to Co based Tribaloys, it was found that 
the Co and Mo oxides are advantageous for their lubricat-
ing properties, whereas  Cr2O3 introduces hardness to the 
surface [27, 28]. Therefore, the oxidation products on the 
wear surfaces were investigated to specify any detectable dif-
ferences among the specimens. The primary emphasis was 
placed to the elevated temperature test specimens and also 
higher oxygen-containing bands of room temperature test 
specimens of annealed alloys. Upon inspection, it was pos-
sible to obtain peaks of MoO3 [52–54],  CoMoO4 [55–59], 
 Co3O4 [60–64], and  Cr2O3 [65–67].

The Raman spectra analysis of the darker bands in wear 
tracks from room temperature tests showed remarkable simi-
larities, as seen in Fig. 21. The presence of  MoO3,  CoMoO4, 
 Co3O4, and  Cr2O3 was detected. One notable difference 
among the spectra was observed in the 500–550  cm−1 Raman 
shift interval, where a broad curvature was observed instead 
of a significant peak that sits on the  Co3O4 and  Cr2O3 loca-
tions. This section becomes more intense in specimen T8, 
suggesting that an increase in Cr concentration in the alloy 
would favor the formation of higher amounts of  Cr2O3 in this 
section. Additionally, the peaks of  MoO3 around 660  cm−1 
become more significant as the Co amount reduces, and the 
 CoMoO4 peak at about 920  cm−1 in TM-HT disappears. 
Hence, a reduction in Co concentration increases the pres-
ence of  MoO3 oxides in this section. However, it is worth 
noting that this banded section comprises fine patterns, and a 
slight shift in data collection location could result variations.

Figure 22 marks all distinguishable regions in the opti-
cal images of the wear surfaces of high-temperature POD 
tested specimens, and Raman data from these points are pre-
sented in Fig. 23. The color differences in optical images 
seem to be more informative about the oxide distribution on 
the surface than electron microscopy images. By the effect 
of heat treatment, it was shown that the matrix was splat in 
fine regions having higher accumulation Co, Mo, Si, and 
Cr (Fig. 5). Combining this transformation with a higher 
density of coatings obtained by smaller particle sizes, the 
overall structure becomes highly homogeneous in regards 
of these fine regions of increased concentration of certain 
elements. Consequently, coating density and heat treatment-
driven diffusion and phase changes become effective in the 
distribution of the resultant oxidation products on the sur-
face. Both favor a finer, highly blended, and homogeneous 
oxide structure on the surface. Furthermore, the initial alloy 

Fig. 20  SEM images of wear scars of specimen A TM-AC and B 
TM-HT tested at 600 °C
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composition introduces a higher degree of colorization to the 
surface which is best represented by Fig. 22F.

Upon inspection, traces of  MoO3 and  Co3O4 were found 
on point 1 of specimen T4-AC, while point 2 showed the 
presence of  CoMoO4 (Fig. 23A). Point 1 exhibited a higher 
concentration of oxygen, and when comparing the surface 
area of phases represented by these points using Fig. 22, it 
was evident that a stronger  Co3O4 and  MoO3 combination 
covered the surface of the specimen. After undergoing heat 
treatment, a more homogeneous distribution of oxide com-
bination of Co and Mo oxides was observed in points 3 and 
4 (Fig. 23B). Although a slight increase was noticed around 
300  cm−1 at point 4, a suitable location for  Cr2O3, no signifi-
cant peak was observed, making it impossible to detect any 
evidence of  Cr2O3 on specimen T4 with its lowest Cr con-
centration. On the other hand, definitive peaks of  Cr2O3 were 
found on points 5, 8, and 9 of specimen TM (Fig. 23C, D). 
Co and Mo oxides are still present, including  Cr2O3. Images 
of TM-AC and TM-HT in Fig. 22 indicated that  Cr2O3 only 
partially covers the surface in its as-sprayed condition, but 
after heat treatment, although its formation was partial, it 
showed a better distribution on the surface with a finer struc-
ture. In specimen T8,  Cr2O3 exhibited a significant presence 
in Raman shifts at every location in Fig. 23E, F. Within 
the scope of this investigation, it has been determined that 
the structures with blue tones observed in optical images in 
Fig. 22 are  Cr2O3 and when the three alloys are compared, 

Fig. 21  Raman analysis of 
oxide bands formed in room 
temperature tests of T4-HT, 
TM-HT and T8-HT specimens 
with points of analysis in 
attached images

Fig. 22  Optical images of the wear tracks of 600 °C POD tested spec-
imens marked for Raman surveys
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Fig. 23  Raman analysis of wear scars of all types of specimens tested at 600 °C
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we can observe that the blue tones increase in proportion to 
the amount of Cr in the alloy content parallel to the findings 
of Raman studies.

The results presented in Figs. 24 and 25 demonstrate 
respectively the friction behaviors and wear rates of all 
specimens. Considering the friction coefficients, under the 
same heat treatment and testing conditions, all three alloys 
produce similar results.

As-sprayed specimens show a dramatic difference of 
wear rates which was expected upon initial inspection of 
Figs. 15A and 16. As previously noted [68], sliding wear 
generates dynamic loading conditions for materials, leading 
to the concept of fatigue crack propagation in the presence 
of discontinuities. Under these conditions, already present 
non-bonded boundaries act as cracks, and furthermore weak 
splat boundaries have higher possibility to turn into cracks 
and both of them act as stress concentrators. The overall 
density of both becomes the dominant factor over the over-
all performance of the coating under wear conditions. In 
micro-scratch tests, the density of splat boundaries was 
found to increase the number of cracks by a factor of at most 
1.3, between specimens T4-AC and T8-AC. But with the 
dynamic loading conditions of wear tests, wear rate shows 
and increase of almost 3 and 5 folds respectively between 
T4-AC–TM-AC and TM-AC–T8-AC. In these testing con-
ditions, it is difficult to distinguish the effect of hardness or 
alloy concentration from the effect of splat boundaries on 
the wear rates of the different specimens. Increased hardness 
with a higher number of crack-like boundaries would also 

result in higher wear rates. However, the findings obtained in 
scratch tests and wear track morphologies suggest that splat 
boundary strength becomes the dominant factor against wear 
in room temperature tests of as-sprayed specimens.

Even with this great difference in wear rates it is inter-
esting to note that as-sprayed specimens show similar fric-
tion behavior during room temperature wear conditions. 
These specimens take 50–100 m to reach a stable value, 
after which they exhibit a smooth and stable friction coef-
ficient for the rest of the test. The specimen with the high-
est wear rate exhibits the greatest degree of oxidation, as 
explained by the mechanisms mentioned earlier (Fig. 15). 
Despite the noticeable surface degradation, the presence of 
oxidation and  Co7Mo6 particles prevent any increase in the 
coefficient of friction. Additionally, since the scratch test 
results revealed no discernible difference in bonding strength 
between the three specimens, even as wear progresses, the 
underlying layers do not offer greater resistance to the pin 
than the initial degree.

The most interesting friction behavior was observed in 
room temperature tests of annealed specimens (Fig. 24). 
Experimental results indicate that these exhibit lower fric-
tion coefficients as compared to the as-sprayed specimens 
however, unlike the rest, the annealed specimens display 
certain irregularities along the test. At various locations 
some reverse peaks which may result a local reduction of 
1.2 observable. Even though these seem sharp, it takes an 
average of 10 m for these peaks to form. Moreover, in some 
sections, like 100–200-m interval of TM-HT, a gradual 

Fig. 24  Friction coefficient vs. sliding distance charts of POD tests at 
room temperature and 600 °C of all specimens

Fig. 25  Wear rates of POD tests at room temperature and 600 °C of 
all specimens
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decrease with some frequent fluctuations is observable. 
After this section is completed, the coefficient shows a rela-
tively rapid increase, reaching the values before this section. 
During the partial oxidation of the surface and the sections 
numbered 6 in Fig. 17, the friction coefficient decreases. 
As previously explained, with progress of wear, as these 
particles get detached or partially broken (Fig. 18), the pin 
starts to travel on a fresh constituent of the surface and fric-
tion coefficient increases again. This phenomenon has been 
previously studied and detailed by Bolelli et al. [27] but in 
our case the high durability and density and larger sizes of 
these particles exaggerate the effect of this event on friction 
coefficient.

Even with all these fluctuations in friction coefficients, 
after annealing, all three specimens show very close wear 
rates around 3 × 10–3  mm3/Nm (Fig. 25). Parallel to the 
cracking behavior, especially to the final sections of micro-
scratch testing, splat boundary cohesion after annealing both 
decreases the wear rates and at the same time neutralizes 
the effect of the density of the splat boundaries on the wear 
performance. Even though there are significant hardness dif-
ferences among the specimens after annealing, similar wear 
rate results also support the above-mentioned dominance of 
the splat boundary strength on the wear rates.

At elevated temperatures oxide films covering the surface 
of the specimens increase the overall friction performance 
under sliding conditions (Fig. 24). Except for specimen T4, 
specimens TM and T8 show a mean and smooth friction 
coefficient of around 0.6 for both AC and HT conditions. 
Unlike these two specimens, T4 shows slightly increased 
values of friction coefficient both in AC and HT conditions. 
As already covered above, the main difference between spec-
imen T4 and the other two is the coarser surface pattern of 
oxide concentration in both conditions and the absence of 
 Cr2O3 on the surface. These two properties provide weaker 
oxide protection than the other specimens and result in 
higher degrees of friction. For T4-AC we see a gradual 
decrease during the test which suggests that oxidation takes 
place at a slower degree again compared to the other speci-
mens. In this aspect formation of  Cr2O3 and  MoO3 gains 
importance. With the presence of higher amounts of Cr and 
relatively higher amounts of Mo with respect to Co in their 
structure both TM and T8 can generate functional oxide 
films at the earlier stages of the tests and achieve lower fric-
tion during the tests. When T4-HT is compared with T4-AC, 
even with the same alloy composition, homogeneous oxida-
tion of the surface provides a better production against fric-
tion, but still, its friction remains higher than TM and T8.

Parallel to the friction behavior, wear rates at elevated 
temperature tests show the importance of oxide films cov-
ering the surface. At 600 °C, this time except T8, all speci-
mens reveal a wear rate between about 2.5–3.0 ×  10–3  mm3/
Nm (Fig. 25) which are very close to annealed specimens. 

T8 shows further decrease, reaching values of 1.5 ×  10–3 
 mm3/Nm. Comparison of T4 and TM shows that if the sur-
face integrity is high, the wear loss can be low even with the 
higher rates of friction under the selected testing condition. 
Considering the wear behavior of the T8, the aforemen-
tioned change in Co and Mo-based oxide distribution and 
the formation of  Cr2O3 on the entire surface results in a wear 
loss of half of the other samples. Consequently, at elevated 
temperatures like 600 °C, surface oxidation becomes supe-
rior to splat boundary strength. It both increases the surface 
integrity and with the lubricating properties, decreases the 
friction coefficient. In this aspect alloy composition becomes 
the most important factor determining the resultant oxida-
tion products and hence the performance of the alloy at high 
temperatures.

4  Conclusion

This study examined the impact of powder particle size, 
three different alloy composition, and annealing heat treat-
ment at 900 °C, and how these factors affect microstructure, 
mechanical properties, and wear performance. After thor-
ough investigation, it was found that:

1. The High Velocity Oxygen Fuel (HVOF) process 
yields a predominantly amorphous coating owing to its 
incredibly high cooling rates. The amorphous coating is 
indicative of the complete melting of initially crystalline 
powders.

2. After undergoing annealing heat treatment for four hours 
at 900 °C, all alloy compositions displayed significant 
crystallization in their structures and solid-state diffu-
sion bonding across the splat boundaries. The resultant 
structure comprises a Co-based solid solution, which is 
embedded with hard Laves.

3. The increase of Cr in the Co expanse results in a gradual 
enhancement of hardness, attributed to the formation of 
Mo-based Laves phases at a higher degree. This phe-
nomenon is also observable in as-sprayed conditions but 
becomes more pronounced after annealing.

4. A decrease in powder particle size leads to the formation 
of a finer and denser structure resulting in the augmenta-
tion of the splat boundary density.

5. In as-coated condition, splat boundary strength is the 
most essential property of the coating that exerts a direct 
influence on the mechanical performance. As per the 
chosen spray parameters, it has been observed that the 
strength of the boundaries is not significantly influenced 
by the alloy composition or particle size. However, an 
increase in boundary density, coupled with higher hard-
ness, leads to a heightened susceptibility to fractures 



Metals and Materials International 

under external forces, ultimately resulting in a decline 
in the coating's overall performance.

6. Annealing for 4 h at 900 °C increases splat bonding 
strength about four times, increases the toughness, and 
dramatically decreases cracking behavior against loads. 
In contrast to specimens in their as-sprayed condition, 
an increase in Cr concentration promotes the formation 
of the higher volume of  CrSi2 particles in the neighbor-
hood to the splat boundaries, promoting the curing of a 
greater volume of splat boundaries.

7. The properties mentioned in points 5 and 6 also pro-
vide the general framework for the wear behavior. 
However, under the dynamic loading conditions of 
wear, the negative influence of the boundaries and brit-
tleness over structural integrity increases, resulting in 
higher degrees of wear in as-sprayed coatings. On the 
other hand, annealing strengthened coating shows sig-
nificantly increased yet similar wear performance for all 
three alloys.

8. At 600 °C, the surface oxide layer exhibits a dominant 
influence on wear characteristics. Specifically, the com-
position and distribution of oxides have been identified 
as the most effective protective mechanism against wear, 
which overcomes the inherent drawbacks associated with 
the splat boundaries and brittleness of the structure. Addi-
tionally, surface oxide layers serve to maintain structural 
integrity and reduce friction during wear. The incorpo-
ration of higher concentrations of Cr and Mo into the 
alloy promotes the formation of a wide variety of oxides, 
thereby ensuring better protection against wear.

In essence, the integrity and mechanical behavior of a 
structure heavily rely on its splat boundaries. These bounda-
ries serve as the foundation of the coating's strength. In as-
sprayed condition the bonding strength in between splats 
may be very low and the boundaries may act as vulnerable 
locations against forces. However, when subjected to anneal-
ing heat treatment, with solid-state diffusion phenomenon 
bonding strength can be increased significantly. Further-
more, at elevated temperatures, the formation of an oxide 
layer on the surface serves as a protective layer for the coat-
ing. Hence, even with high density of splat boundaries, the 
coatings can be trusted at elevated temperatures. However, 
care should be taken that under increased forces, the surface 
oxide layer may also remain weak to maintain the integrity 
of the coating. Therefore, it is imperative to thoroughly ana-
lyze the thickness and strength of the oxide layer under oper-
ating temperatures and conditions. Additionally, extended 
use of the coating at elevated temperatures can enhance splat 
cohesion and overall performance. Employing the coatings 
in high-temperature environments can create ideal condi-
tions that help prevent any potential weaknesses.
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