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Abstract Co-base alloy Tribaloy-800 (T800) powders

were coated on Inconel718 (IN718) by high velocity oxy-

gen fuel thermal spraying. The optimal coating process

(OCP) was obtained via studying the surface properties of

16 coatings prepared by Taguchi program. Surface hard-

ness and porosity were 560–630 Hv and 1.0–2.7%,

respectively, strongly depending on spraying processes.

The OCP of hardness was oxygen flow rate (FR) 38 FMR,

hydrogen FR 75 FMR, and feed rate 30 g/min at spray

distance 5 inch. The adhesion strength of T800 coating

with substrate had a slight increase and the thermal shock

resistance of T800 coating was improved greatly by

introduction of bonding layer Ni–Cr. Friction and wear

behaviors have been investigated by a reciprocating sliding

test at both 25 �C and an elevated temperature 538 �C

(1,000 �F). Both friction coefficients (FC) and wear traces

of the coating were smaller than those of IN718 substrate at

both 25 and 538 �C. FC and wear traces of IN718 and

coating decreased with increasing the surface temperature

due to the lubricant effect of cobalt oxides formed on the

sliding surface. As a result, T800 coating was highly rec-

ommended as a durability improvement coating for the

protection of sliding surface, such as high speed spindle.

Introduction

Electrolytic hard chrome plating (EHC) has been widely

used on the machine components for the durability

improvement and repair of worn parts over last 60 years.

The possibility of replacing of EHC has been studied

since the hexa valence chrome ion (Cr6?) in electrolytic

bath and mist is known as carcinogen of lung cancer and

its solution pollutes severely environment. The most

promising candidate for the replacement of the plating is

high velocity oxy-fuel (HVOF) thermal spray coating

because of the clean and pollution free coating [1, 2]. The

supersonic gas velocity and limited flame temperature

(compared to other thermal spray techniques, like plasma-

spraying) result in dense coatings with a limited oxide

content [3]. Specifically, many recent articles have

focused on HVOF-sprayed cermets, which have already

been proven to possess excellent tribological properties as

well as good corrosion resistance, if a suitable carbide and

metal matrix are chosen [4–6]. Other studies deal with

HVOF-sprayed metal alloy coatings, which, despite being

less wear resistant than cermets, can be very useful in

industrial applications, thanks to their higher deposition

efficiency, far lower machining (grinding/polishing) costs,

and (usually) lower powder cost [7–9]. They may also

possess certain peculiar properties, such as great hardness

at high temperatures and oxidation resistance. To date,

fewer studies have examined other HVOF-sprayed alloys,

such as Tribaloys or Ni–Cr–Mo–W–B alloys. Tribaloys,

with composition M–Mo–Cr–Si (M = Co, Ni), possess

high wear, corrosion, and oxidation resistance: they are

mainly employed as coatings, since they are too brittle to

be used in bulk form [10–12].

Thus, investigation on the wear resistance of HVOF-

sprayed Tribaloy-based coatings is of technological inter-

est, especially at high temperature environment. Moreover,

in literature, much more knowledge exists on the charac-

teristics of welded or laser-clad Tribaloys than thermally

sprayed ones, and HVOF-sprayed in particular [13–15].
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The microstructure of HVOF-sprayed Tribaloy coatings is

significantly different from that of clad or welded ones, due

to the peculiarities of HVOF-spraying. Welded Triba-

loys display a fully crystalline microstructure resulting

from melt solidification. In the case of hyper-eutectic

compositions, like Tribaloy-800 (T800: Co–28 wt%Mo–

17 wt%Cr–3 wt%Si), primary Laves-phase dendrites are

formed in an eutectic matrix comprising fine Laves-phase

and Co- or Ni-based solid solution lamellar crystals

[16, 17]. In HVOF-sprayed Tribaloy coatings, first of all,

the high velocity impact of heated particles generates a

layered lamellar microstructure, like every thermally

sprayed material. Besides, the cooling rate of each heated

particle upon impact is extremely high ([105 K/s), caus-

ing splat quenching: this results in very fine submicro-

metric crystals, metastable supersaturated solid solutions,

and even amorphous phases within each splat. Therefore,

knowledge acquired for welded or clad Tribaloys cannot

be directly transferred to HVOF sprayed coatings, which

require specific research. Air bearing spindles are oper-

ated without any liquid or solid lubricants for clean fab-

rication of high precision and quality products. The

expensive high precision spindles and machine compo-

nents are damaged by friction and wear at high temper-

ature, especially by sticking friction during starting and

stopping the spindle operation [18, 19]. Besides on wear

resistance of HVOF coatings, an important property of

HVOF coatings for high-temperature application is the

thermal shock resistance. But at present most investiga-

tions on the properties of HVOF coatings concern surface

properties, corrosion, and wear resistances. In order to

increase the use of HVOF T800 coatings, it is essential to

improve the tensile bond strength (TBS) and thermal

shock resistance as well as high-temperature creep

resistance.

This research therefore first aims to characterize and

optimize the surface properties such as roughness, porosity,

and hardness; and process of HVOF T800 coating; and then

to improve the adhesion strength and thermal shock resis-

tance of the coating by introduction of bonding layers such

as Ni–Cr and Ni. In addition, temperature dependence on

friction and wear behavior of both Inconel718 and HVOF

T800 coating are investigated both at room temperature

and at an elevated temperature 1000 �F (538 �C) for the

life time improvement of air bearing spindles and machine

components by HVOF T800 coating.

Experimental details

The preparation of coatings

The major elements of commercially available T800

powders were prepared by Satellite Company. Powders are

spherical shapes with diameters of 5–30 lm and mixed

homogeneously as shown in Fig. 4. For the improvement

of adhesion of HVOF T800 coatings on substrates, the

surfaces of Inconel718 substrates were pre-cleaned by

ultrasonic cleaning in acetone for 5 min and then blast

cleaned by 60 mesh alumina particles. Table 1 listed the

chemical elements of T800 powder and substrate IN718

composition. T800 powders were coated on Inconel718

substrates by JK 3500 HVOF thermal spraying equipment

by 16 coating processes designed by Taguchi program for

four spray parameters, such as hydrogen flow rate, oxygen

flow rate, powder feed rate by carrier Argon gas, and spray

distance, as listed in Table 2.

Characterization of T800 powders and coating surfaces

Chemical compositions and micro-shapes of T800 powders

were investigated by SEM, EDS, and optical microscope.

Surface hardness was the average value of nine measure-

ments at the center of cross-section of coating layer mea-

sured by Micro Vickers Hardness tester with a load of

300 g. Surface roughness was the average of seven mea-

surements by surface roughness tester. Porosity was the

average of five data obtained by analyzing the images

photographed by optical microscope. The coatings for

adhesion, thermal shock tests, and wear tests were prepared

by the optimal process of hardness.

Adhesion and thermal shock tests

For TBS, and bond coatings (BC) NiCr (80% Ni,

114 ± 5 lm) and top coat T800 (260 ± 20 lm) were

HVOF coated on substrate Ti-6Al-4V (Ti-64) (sub). Sub

and coating were bonded to loading fixture by adhesive

bonding agent FM1000 epoxy (minimum bond strength

of 10,000 psi). TBS was measured by Tensile machine

FM-10E, and was analyzed in accordance with ASTM

C633 and Process Instruction of Sermatech Korea Ltd.

The thermal shock test was performed by water

quenching method. Three pieces of the T800 coating

Table 1 Chemical elements of

T800 powder and substrate

IN718 composition, wt%

Element Co Mo Cr Si Fe Ni Al Nb Ti

IN718 1.0 2.8–3.3 17–21 – 11.2–12.5 50–55 0.2–0.8 4.8–5.5 0.6–1.2

T800 Bal 28.37 17.55 3.100 0.680 0.650
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samples were put in one zirconia crucible before thermal

shock testing each time. The samples were heated in box

furnace in air for 30 min at 1100 �C, respectively, and then

quenched into ambient water with 25 �C for 10 min.

Reciprocating slide test

Friction and wear behaviors of T800 coatings were inves-

tigated by reciprocating slide tester (TE77 AUTO, Plint &

Partners) with SUS 304 counter sliding ball (hardness

227 Hv and diameter 9.525 mm) without any lubricants at

room temperature and an elevated temperature of 538 �C.

The reciprocating width (a sliding distance), reciprocating

frequency, speed, load, and test time were 2.3 mm, 35 Hz,

0.161 m/s, 10 N, and 4 min, respectively. Friction coeffi-

cients, weight loss, and wear traces by sliding wear of non-

coated Inconel718 surface and coatings with various

hardness were investigated both at 25 and 538 �C.

Results and discussion

Process optimization and microstructure of the coatings

Coating properties strongly depend on the coating process.

The optimal coating process is the process that prepares the

coating with best property. Hardness of 560–640 Hv is

obtained by the processes of this experiment. Before

optimization, the highest hardness 640 Hv is obtained by

the process of oxygen flow rate 38 FMR, hydrogen flow

rate 75 FMR, powder feed rate 30 g/min, and spray dis-

tance 5 inch as shown in Table 2 and Fig. 1. The least

porosity of about 0.1% and roughness of 2.2–2.6 lm

are obtained by the processes shown in Table 3 and Figs. 2

and 3.

In Fig. 4, XRD patterns indicate that, while spray

powders display sharp diffraction peaks, the as-sprayed

coatings possess broad diffraction peaks and exhibit an

amorphous hump at 40� \ 2h\ 50�. Several crystalline

phases are identifiable. Particularly, the T800 coating

contains Co7Mo6, Co3Mo2Si, CoSi2, and a Co–Mo–Cr

solid solution with fcc lattice.

In this HVOF thermal spray coating the maximum flame

temperature and particle velocity are up to 3,500 �C and

1,000 m/s, respectively [20–22]. And the particle flight

time of 0.1–1 ms is estimated from the spray distance [23–

25]. The distribution of flight particles temperature,

velocity, and time are very widely dependent on the par-

ticle positions and flight time in flame. According to phase

diagram and dictionary of metal engineering [26–28], the

Table 2 Process parameters of HVOF T800 coatings by Taguchi

method

No. Oxygen

(FMR)

Hydrogen

(FMR)

Gas ratio

(O2/H2)

Distance

(inch)

Feed rate

(g/min)

1 34 60 0.57 5 20

2 34 65 0.52 5 20

3 34 70 0.47 5 30

4 34 75 0.44 5 30

5 38 60 0.63 5 20

6 38 65 0.58 5 20

7 38 70 0.54 5 30

8 38 75 0.51 5 30

9 42 60 0.70 5 30

10 42 65 0.66 5 30

11 42 70 0.60 5 20

12 42 75 0.56 5 20

13 46 60 0.77 5 30

14 46 65 0.71 5 30

15 46 70 0.66 5 20

16 46 75 0.61 5 20

Table 3 Optimal coating processes at spray distance of 5 inch

Properties O2 flow

rate (FMR)

H2 flow

rate (FMR)

Feed rate

(g/min)

Hardness (738 Hv) 38 75 30

Porosity (0.08%) 46 60 30

Roughness (2.0 lm) 42 60 20

Fig. 1 Hardness of coating versus spray parameters
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melting points of pure Co, Mo, Cr, and e-Co phase of both

Co–Mo and Co–Cr systems are in the range of 1,495–

2,623 �C, much lower than the highest temperature of

spraying flame of 3,500 �C. Therefore, T800 particles with

various sizes experience various temperature and velocity

in the flame, and they are molten, partially molten, or

soften during the short flight time, and impact on the cool

coating surface with high velocity. Upon impact, strong

adhesion forms with the surface, with subsequent splats

causing thickness buildup and forming a lamella structure

as shown in Fig. 5b. The splats undergo quenching at a

very high cooling rate in excess of 106 K/s [20–22]. In this

experiment the splats form coating of 300–350 lm thick-

ness with good adhesion on substrate as shown in Fig. 5c.

Evaluation on the TBS and thermal shock

of the coatings

As shown in Fig. 6, the TBSs of Ni–Cr/sub, T800/sub, and

T800/Ni–Cr/sub are 11576 ± 300 (79.8 ± 2.1 MPa),

8738 ± 200, 8768 ± 200, and 7500 ± 200 psi, respec-

tively. As shown in Fig. 7, the fracture location of Ni–Cr/

sub is between interface and Ni–Cr coating; the fracture

location of T800/sub is at interface, and the fracture loca-

tion of T800/Ni–Cr/sub is at interfaces with the top coat-

ings of T800 and Ni–Cr. The adhesion of Ni–Cr/sub is

much stronger (about 30%) than the adhesion of T800/sub

and T800/Ni–Cr/sub. This result indicates that adhesion is

much stronger between metal/similar metal (NiCr/Ti-64)

than between metal/cermet (T800/Ni–Cr or Ti-64) because

of the easy diffusion between similar metal atoms. In

addition, the adhesion strength of T800 coating with sub-

strate has a slight increase by introduction of bonding layer

Ni–Cr.

Figures 8 and 9 show that cross-sections and surfaces of

T800/Ni–Cr/Sub, T800/Ni/Sub, and T800/Sub coatings

present severe micro-cracks after thermal shock at T =

600 �C. Such severe micro-cracks indicate that thermal

shock resistance of T800/Ni/Sub and T800/Sub is unsat-

isfactory compared with T800/Ni–Cr/Sub. The result is due

to the difference in thermo-conductivity for three sets of

the coatings that the sequence of thermo-conductivity of

T800/Ni–Cr/Sub, T800/Ni/Sub, and T800/Sub coatings is,

respectively, T800 [ Ni–Cr [ Ni [ Ti-64. Therefore, the

Fig. 2 Roughness of coating versus spray parameters

Fig. 3 Porosity of coating versus spray parameters

Fig. 4 XRD pattern of T800 with optimal process of hardness, the

peak characters same to the coatings before optimized
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thermal shock resistance of T800 coating has an evident

increase by introduction of bonding layer Ni–Cr.

Improvement of friction property by HVOF T800

coating

As shown in Fig. 10, friction coefficient of T800 coating

with optimal hardness is smaller than about a half of non-

coated Inconel718 surface both at 25 and 538 �C. This

shows that T800 coating is highly recommendable for the

life-time improvement of sliding machine components,

such as air bearing spindles operating without any lubri-

cants. Friction coefficients of coatings at a higher temper-

ature 538 �C are lower than those at lower temperature

25 �C. This shows that T800 coating is highly recom-

mendable for the coating on the sliding machine compo-

nents vulnerable to frictional heat, such as high speed

spindles.

At high temperature of sliding test, oxides such as CoO,

Co3O4, MoO2, and MoO3 are actively formed on the

sliding surface heavily at the asperities by oxidation of

reactive metallic Co-alloy of T800 due to the excess oxy-

gen reagent in flame and oxygen from atmospheric envi-

ronment [25, 26]. The brittle oxides are easily attrited as

debris by the sliding through oxidation wear and abrasion

[20, 21, 23–26]. Wear debris such as small solid particles,

softens, melts, and partial-melts have play roles as solid

and liquid lubricants, and the role is higher at higher sur-

face temperature.

The sliding weight loss of T800 coating is more than 10

times smaller than that of non-coated Inconel718 surface as

shown in Fig. 10. This also shows that T800 coating is

highly recommendable for wear resistant coating on the

surface of sliding machine components. This shows that the

major wear mechanism is not only adhesive wear, but other

Fig. 5 SEM micrographs of

T800 coating: a T800 powder,

b surfaces, and c cross-section

0 2000 4000 6000 8000 10000 12000

11576

8738

8768

Ni-Cr/Substrate

T800/Ni-Cr/ Substrate

Average, psi

 T800/Substrate

Fig. 6 Tensile bond strength of the coatings

Fig. 7 Fracture location of the

coatings: a Ni–Cr/Sub, b T800/

Sub, and c T800/Ni–Cr/Sub

Fig. 8 Cross-section of the

coatings after thermal shock

tests: a T800/Ni–Cr/Sub,

b T800/Ni/Sub, and c T800/Sub
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mechanisms such as oxidation wear and abrasive wear

influenced by the attrited solid and liquid oxide lubricants.

As observed in Fig. 11, the wear traces at a higher

temperature 538 �C is much smaller than those at lower

temperature 25 �C both for the coatings and counter sliding

SUS 304 ball surfaces, due to lubricant effect of attrited

oxide debris. This also shows that T800 coating is highly

recommendable for durability improvement coating on the

sliding machine component surface vulnerable to frictional

heat and wear.

Figure 12 shows the wear traces on counter sliding SUS

304 ball both at room and at 538 �C. The wear trace on the

ball slides on T800 coating is smaller than those slide on

non-coated Inconel718 surfaces, and the traces of melt by

sliding on coating is larger than those by sliding on non-

coated surfaces. These show that T800 coating plays a role

Fig. 9 Surface morphologies of

the coatings after thermal shock

tests: a T800/Ni–Cr/Sub,

b T800/Ni/Sub, and c T800/Sub
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Fig. 10 Weight loss and

friction coefficients of T800

coating and substrate IN718

Fig. 11 Wear traces of the

coating and IN718 at room

temperature: a T800, b IN718

and at 538 �C c T800 and

d IN718
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as lubricants and are essential as a durability improvement

coating. The traces on the balls by the sliding on both

coated and non-coated surface are drastically reduced at

high temperature compared with those at room tempera-

ture. This shows the lubricant role of the oxides is

increased as the sliding temperature increases.

Conclusions

The followings are concluded in this study:

(1) The OCP is oxygen FR 36–42 FMR, hydrogen FR 70

FMR, and feed rate 30 g/min at spray distance 5 inch.

Surface hardness and porosity are 560–630 Hv and

1.0–2.7%, respectively, strongly depending on spray-

ing processes. The adhesion strength of T800 coating

with substrate has a slight increase and the thermal

shock resistance of T800 coating was improved

greatly by introduction of bonding layer Ni–Cr.

(2) The T800 coating contains Co7Mo6, Co3Mo2Si,

CoSi2, and a Co–Mo–Cr solid solution with fcc

lattice. Brittle oxides such as CoO, Co3O4, MoO2, and

MoO3 are actively formed on the sliding surface

heavily at the asperities of T800 coating. They are

easily attrited and play role as solid and liquid

lubricants. This role is more active at higher

temperature.

(3) At the sliding wear test, weight loss, wear traces, and

friction coefficients of T800 coating are much smaller

at higher temperature 538 �C compared with those at

lower room temperature. Therefore, T800 coating is

highly recommendable for the durability improve-

ment coating on the surface of machine components

vulnerable to frictional heat and wear such as air

bearing spindles.
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