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Molybdenum thermal-spray coatings, dispersion strengthened by molybdenum oxides and molybdenum
carbides, play an important role in industrial tribological applications. Traditionally, they have been
prepared by plasma and wire flame spraying. High porosity and lower cohesion strength limit their
application in situations where both galling and abrasion wear is involved.

In this study, high-velocity-oxygen-fuel (HVOF) deposition of molybdenum and molybdenum carbide
coatings was attempted. Deposition was achieved for all powders used. Composition, microstructure,
mechanical, and wear properties of the HVOF synthesized coatings were evaluated and compared with
plasma-sprayed counterparts.

The HVOF coatings possessed a very good abrasion resistance, whereas plasma deposits performed
better in dry sliding tests. Measurements showed a close relationship between the coating surface hardness
and its abrasion resistance. Results also suggested correlation between molybdenum carbide distribution in
the molybdenum matrix and the sliding friction response of Mo-MgC coatings.

Keywords abrasion, decarburization, friction, HVOF, My 2. Experimental Procedures

plasma spraying

2.1 Materials Selection and Processes

Plasma-sprayed coatings were prepared from commerciall
available Osram Sylvania SX 274 and SX 391 composite pow-

Molybdenum-based coatings are traditionally used in a vari- d€rs (Osram Sylvania Corp., Towanda, PA). These powders ar
ety of sliding friction and wear applications. Since the hardnessProduced by simultaneous agglomeration and carburization o
of pure molybdenum is low, its superior wear characteristic can ¢rushed molybdenum in a reduction atmosphere followed by
be exploited better in dispersion-strengthened alloys. Strength-SPray drying? The SX 391 consists of pure hexagonal Xp
ening with molybdenum oxides, molybdenum carbides, or Whereas SX 274 is formed by a mixture of Mband residual
chromium carbides can provide coatings with excellent scuff Molybdenum. The powders used for HVOF deposition were of
and wear propertiés? Thermal spray processing represents an S|mllqr composmons,' but they were clas'5|f|ed.by the manufac-
efficient way to deposit molybdenum alloys onto automotive turer in order to a(_:hleve a smaller particle size. The particle
component&:¥ Wire flame and plasma spray techniques have SiZes and compositions fc_>r all powders used for pl_asma ang
been traditionally employed. In spite of a general belief that the HVOF spraying are listed in Tables 1 and 2, respectively. The
heat input from a high-velocity-oxygen-fuel (HVOF) torchis in- Morphology of the powders is shown in Fig. 1. A smaller par-
sufficient for molybdenum melting, successful deposition of ticle size was desirable for the HVOF process because of lowe
molybdenum and molybdenum oxide coatings by this techniqueflame temperature compared to plasma.
has been reportél.Dense, hard coatings were prepared, but ~ 1he plasma-sprayed deposits were produced under standa
friction and wear properties were not explored. Higher density SPraying conditions that are reported in Table 1. For the HVOH

and hardness of HVOF deposits may potentially offer enhanceddeposition, the HV 2000 Praxair gun ( TAFA Inc., Concord,
wear properties. NH) was selected since the temperature of particles in flight ar

The main objectives of this study were as follows: (1) to in- reported as being higher than those for other known availablg
vestigate the possibility of depositing dense molybdenum-car- torches?! The HVOF spraying was optimized with respect to
bide coatings using the HVOF process; (2) to evaluate maximum deposition efficiency of the SX 391 powder by vary-
fundamental mechanical and frictional properties of the deposits ing fuel/oxygen ratio. The resulting spraying conditions, with
in comparison with plasma counterparts; and (3) to understandfue|'”0h stochiometry, used for the sample preparation are liste(
the deposition mechanism involved in HVOF spraying of Mo- in Table 2.
Mo,C and clarify its implications for wear and friction response.

1. Introduction

2.2 Characterization

L. Prchlik, J. Gutleber, andS. Sampath,Center for Thermal Spray . . s . .
Research, Department of Materials Science and Engineering, State Uni- 1 h€ particle size distribution was evaluated with a particle
versity of New York, Stony Brook, NY, 11794-2275. Contact e-mail: Size analyzer, Microtrac model SRA 200 ( Microtrac Inc., Largo,
Iprchlik@ic.sunysb.edu. FL). The information about the stream of particles during the de
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Fig. 1 Optical micrographs of Mo-M& powders used in the studg) SX 274 plasmah) SX 391 plasmac] SX 274 HVOF, andd) SX 391
HVOF

position was collected with a TECNAR DPV 2000 in-flight par- num carbide. All diffraction spectra were collected with a dif-

ticle analyzer. fractometer, Philips type PW 1729 (copper radiation, step size
Coating samples prepared by standard metallographic tech-0.05°, Philips Electronic Instruments Corp., Mahwah, NJ). The

nigues were used to evaluate numerous properties, such as mcorrection of diffraction angle for accurate lattice-parameter

crostructure, hardness, porosity, and the content of unmeltecmeasurements was achieved by standard alumina powder with

particles. Cross-section samples for optical microscopy wereknown lattice constants. X-ray quantitative analysis was based

etched with modified Murakami’s solution (1.4%H¢ (CN) + on the direct comparison method using calculated intensity fac-

0.6% NaOH in HO). Wilson-Instron tester TU 230-C2550 (In-  tors for Mo and MgC.

stron, Wilson/Shore Instruments, Canton, MA) was used for

hardness measurements. The duration of hardnes_s tests was 5 3 Sliding Friction Testing

s, and the reported values were averaged from a minimum of ter

measurements. Hardness was measured on the cross sectio Room-temperature ball-on-disc friction and wear tests were

(HV 25, 300 g) and on the surface of the samples prepared foiperformed on a modified Falex wear tester ( Falex Corporation,

wear testing (HV 1000 g). The microhardness measured at theSugar Grove, IL) with the rotating sample positioned above the

lowest load (25 g) was used to estimate the actual hardness of thcounterbody. In this configuration, a large portion of the debris

phases forming the splats. produced was continually removed from the wear scar by the
X-ray diffraction was employed to reveal phase content, new force of gravity. Since the interaction of the tested coatings with

phase formation, and the degree of decarburization of molybde-both metallic and ceramic materials was of interest, polished 440
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Table 1 Materials and parameters used for plasma spraying of Mo-M& coatings

Plasma spraying

Parameter Description/Value

Feedstock powders—composition Particle sigm)( (a) Osram SX 274—77% MG, 23% Mo +49/-108
(b) Osram SX 391—100% MG +44/-96

Gun F4-MB

Gun nozzle 8 mm

Gun power 500 A

Gun voltage 69V

Primary argon gas flow 40 to 48 slpm

Secondary hydrogen gas flow 8to 10 slpm

Carrier argon gas flow 2.5 slpm

Total powder feed rate 40 g/min

Vertical traverse speed 30 mm/s

Spindle speed/diameter 160 rpm/140 mm

Spraying distance 110 mm

Deposition rate approximately 2ubn/pass

Table 2 Materials and spray parameters used for HVYOF deposition of Mo-Mg& coatings

HVOF Spraying

Parameter Description/Value
Feedstock powders—composition Particle size) (a) Osram SX 274—55% M@, 45% Mo +3/-48
(b) Osram SX 391—100% MG +13/—39
Gun HV 2000
Oxygen Supply pressure 150 psi
Flow 600 scfh
Propylene Supply pressure 100 psi
Flow 160 scfh
Nitrogen Supply pressure 100 psi
Flow 45 scfh
Powder feed rate 25 g/min
Vertical traverse speed 6 mm/s
Spindle speed/diameter 400 rpm/180 mm
Spraying distance 230 mm
Deposition rates (a) @m/pass

(b) 8um/pass’

C steel and 3N, balls of 6.35 mm diameter were used as coun- 150 °C before the weigh measurements. Worn surfaces were e
terbodies. A constant normal force of 50 N was applied. The ec- amined using an ISI-SX-30 scanning electron microscope.
centric position of the ball and sample rotation (27.4 rpm)

resulted in the sliding speed of 0.01 m/s over a wear scar of 7 mm

in diameter. One-hour sliding tests represented approximately 363 Results and Discussion

m of effective sliding distance. A force transducer connected to

a computer continually recorded the friction data. Prior to the 3. 1 Coatings Deposition, In-Flight Diagnostics,

friction testing, samples were polished with diamond discs and and Microstructure
suspensions to final roughnes}, < 0.1 um; washed in
methanol; and dried at 150 °C for 10 min. A minimum of two Significantly different deposition rates were measured for SX|

tests was performed for each material. Wear volumes were cal-274 and SX 391 Mo-M& powders (Table 2). The low deposi-
culated from data obtained by a noncontact Zygo surface pro-tion rate of SX 274 powder @n/pass) compared to SX 391 (8
filometer (Zygo Corporation, Middlefield, CT). wm/pass) can be explained by fragmented powder geometry wit
large fraction of ultrafine particles (Fig. 1c). In fact, only a very
thin coating (9Qum) was produced with the SX 274 powder for
the same number of torch passes. Such a small thickness did
Two-body abrasion tests were performed in the configuration allow surface hardness and wear testing to be performed. T
depicted on Fig. 2. Three rectangular specimens (0 25iere microstructure seemed to be less uniform than that of SX 39
affixed to a rotating holder (40 rpm in same direction as disc with and cracks parallel with substrate/coating interface were ob
grinding paper), dividing the load evenly among the specimens.served (Fig. 3).
The 180 grit SiC paper, rotating at 300 rpm, was changed every From Fig. 4, it can be clearly seen that the SX 391 deposit
30 s. The load was adjusted so that the average pressure on eaconsists of two regions with different microstructures. After
specimen was 80 kPa. Weight measurements were taken fivietching, one type of region appears brighter in the photomi-

2.4 Abrasion Testing

times in 1 min intervals. The samples were washed quickly in ul- crographs than the other. Selective microhardness measuré

trasonic bath to remove entrapped grit and dried for 10 min atments showed that hardness of the bright region was as hig
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Fig. 2 Configuration of the wet abrasion test

Fig. 3 Optical micrographs of Mo-M€ coatings: &) SX 274 HVOF, ) SX 391 HVOF, €) SX 274 plasma, andl) SX 391 plasma

as 1850 HVs. This corresponds to the hardness of molybde- 770 HV,s. The microstructure and hardness of this region sug-
num carbide reported in the literatufeThe second type of re-  gests that the particles have undergone complete melting and
gion has a typical splatlike morphology, appears darker on the decarburization during the deposition and formed molybde-
photomicrograph, and has a microhardness of approximatelynum/molybdenum-oxide structure. The difference in hardness
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Fig. 4 Comparison of microstructures of SX 391 deposited by different technigligtagma and) HVOF

Table 3 Results of diagnostics for HVOF spraying of Mo-MgC powders

Technigue powder Microtrack (laser particle analyzer) Tecnar (in-flight measurement)

Particle size m) Velocity (m/s) Temperature (°C)
Plasma SX 274 (Mo-M£) 76+ 23 108+ 24 3180+ 176
Plasma SX 391 (M€) 64+ 20 123+ 26 3209+ 158
HVOF SX 274 (Mo-MgC) 23+ 15 524+ 65 2225+ 135
HVOF SX 391 (Mg@C) 38+ 19 506 75 2215+ 105

Table 4 Overview of coatings prepared and their basic properties

Coating Properties
Composition (wt.%) HVooo (@/mn?) (surface) H\oo (@/mn¥) (cross section) H) (g/mn?) (cross section)
Plasma SX 274 Mo, 19% MG 670+ 36 660+ 50 1320+ 51
Plasma SX 391 Mo, 87% M6 590+ 89 626+ 157 1550+ 112
HVOF SX 274 Mo 680+ 105
HVOF SX 391 Mo, 55% MgC 900+ 21 890+ 220 770+ 152/1850+ 105(a)

(a) Corresponds to light/dark regions observed in the optical micrographs (see text)

of these two regions can be seen from the size of the indentsrecorded were significantly lower than those expected for melt
in Fig. 4. ing of molybdenum (2650 °C) or molybdenum carbide (2400
The results of the in-flight diagnostic measurements for °C).67 In spite of this fact, deposition of both powders was
plasma and HVOF spraying are presented in Table 3. All meas-achieved. Formation of Mo-M@ eutectic is suggested as a
urements were conducted at the same standoff distances as thomechanism for lowering the effective melting point to about
used for the coating deposition. The measurement illustrates 2200 °Cl#! A correlation between temperature and particle size
significant difference between the velocities of particles in the of the SX 391 powder was investigated using the in-flight data
plasma and HVOF torches. Particles were traveling more thanThe analysis revealed that the average size of particles with te
four times faster in the HVOF flame compared to the plasma. It perature exceeding 2200 °C was only8% compared to 42m
can also be seen that particle velocities and temperatures werfor particles having a temperature lower than the critical value
not strongly influenced by the type of powder sprayed but werelt suggests that mainly smaller particles were fully melted in the
dependent on the torch and spraying parameters used. Somewhflame, whereas larger particles were melted only partially. The
higher velocity of SX 274 particles in the plasma torch can be re-deposition of such particles was achieved by the high impact ve
lated to the smaller particle size of this powder. locity and plastic deformation of softened material. This is con-
Temperature of particles is one of the most important param-firmed by the small cross-section size of melted splats and larg
eters controlling the deposit formation. From the coating mi- regions having micromorphology similar to that of starting
crostructure and the particle temperature measure, it is clear thepowders.
during plasma spraying the particles were fully melted whenim-  The overview of basic properties of all coatings investigated
pinging on the substrate. For the HVOF, the temperaturesin this study is given in Table 4. The comparison shows that thé
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Only the cubic fcc MgO phase reported in Ref 10 has anintense

6000- reflection close to this angle. Nevertheless, the existence of this
1 Mooz MoO2 Mo low oxygen phase was not corroborated by more recent investi-
5000 i L gations”! The molybdenum/oxygen system is rather complex,
and a large number of different oxide phases are reported. Dur-
4000+ SX 274 HVOF coating ing HVOF spraying, the likelihood of formation of metastable
2 N LA A M, phasesis high; hence, the determination of exact oxide phases ap-
= 3000 :
b | SX 274 HVOF powder Mo peared to be beyond the scope of this study. The observed phe-
-95’ 2000 L nomenon is currently the object of an additional investigation.
- A significant reduction of Mg content was observed during

1000+ Mozti—' SX 274 plasmg coating Mo2C spraying. The amount of molybdenum carbide in powders/coat-

1 \\\” W/ ings was quantitatively evaluated using a direct comparison
method, and the results are summarized in Table 5. The reduc-

tion of carbide content was generally more pronounced in oxy-
gen-fuel sprayed materials than in plasma-deposited ones. The

degree of the decarburization/oxidation of particles in flame is

0

SX 274 plasma powder

T 1 v T T T T T T 1

30 40 50 60 70 80

2 Theta [deg] generally dependent on the dwell time, surface/volume ratio, and
60004 partial pressure of the oxygen surrounding the particles. Taking
J Mo the particle speeds and spraying distances into account, the dwell
5000 Mo e time appears to be twice as long for the plasma spraying com-
4000_ SX 391 HVOF coatlng pared to HVOF deposition. On the other hand, the surface/vol-
ume ratio is inversely proportional to particle size and is,
2 3000 A L,..M__. therefore, two times larger for the particles used in the HVOF
2 SX 391 HVOF powder (100%Mo2C) spraying. The observed difference in decarburization suggests
2 2000 ‘)AO\K\ A AN that, in spite of the fuel-rich stochiometry, the atmosphere of the
- 1000 SX 391 plasma coatin N HVOF flame is more oxidizing than the environment of the
{_ P 9 /M°2C plasma torch. Plasma spraying of SX 391 produced the least
0- A A A M amount of decarburization (13%), whereas the HVOF SX 274
] S§X 391 plasma powder (100%Mo2C) had the highest carbide loss (63%). The complete reduction of
y — T ———— carbon from SX 274 during HVOF deposition is believed to be
30 40 S0 60 70 80 due to the fragmented geometry of the powder used and the cor-
2 Theta [deg] respondingly high surface/volume ratio.
Fig. 5 X-ray diffraction spectra for HYOF and plasma-deposited Mo- The changes in lattice parameterslforzﬂ'land Mo phases
Mo,C systems were evaluated. The results, summarized in Table 6, show that

lattice constants of M@ were smaller in deposits than in pow-

ders. The decrease was more significant irattieection than
HVOF coating SX 391 had significantly higher hardness;(lV ~  in thecdirection. Qualitatively, the same behavior was observed
HV1009 than its plasma-sprayed counterpart. Figures 3 and 4for both spraying techniques, even though this effect was more
show relatively uniform-lamellar microstructure of the plasma prominent in plasma-sprayed coatings. It should be mentioned
deposits with a very small amount of unmelted particles ran- that the comparison for plasma SX 274 has somewhat lower sig-
domly distributed within the material. The difference in poros- nificance due to low carbide content, and correspondingly, small
ity between the HVOF and plasma SX 391 can be seen from thesignal/noise ratio of diffraction peaks complicating a reliable po-
cross-section micrographs and is also visible in planar polishedsition evaluation. The molybdenum-carbide hexagonal phase
surfaces, as discussed later in Section 3.3. For plasma coatingsan exist within a relatively wide composition range with a car-
SX 274 and SX 391, the microhardness values 1320 and 155®@on content lower than the one corresponding to the ideal sto-
HV,s were measured, respectively. Unlike in HVOF deposits, chiometry (approximately 6.25 wt.% of €)! A decrease in
the hardness of the plasma deposits was reasonably uniform folattice parameters of molybdenum carbide is connected with the

different splats and regions of the coatings. reduction of the carbon contdht!? Smaller lattice parameters
of Mo,C, therefore, were an indication of the reduction of car-
3.2 Decarburization and New Phase Formation bon content in its lattice.

A close examination of shapes of diffraction peaks of®1o

The diffraction data for SX 274 and SX 391 powders and coat- present in HVOF SX 391 coating shows that the peaks display a
ings for both processes are shown in Fig. 5. Peaks present corretarge split that cannot be explained by contributions fkom
spond to reflections from either bcc molybdenum or hexagonal andK,, radiation (well visible for peaks witt§2> 69°). The ob-
molybdenum-carbide phases. The diffraction spectrum of the served peaks are formed by contributions from carbides of two
HVOF-coating SX 274 displays additional peaks corresponding types with markedly different lattice parameters and corre-
to monoclinic molybdenum oxide, MoOFurthermore, an in-  sponding variation of carbon content. The diffraction spectrum
tense diffraction peak at approximately 44.2°@hgle was ob- is then a superposition of the spectra from the two distinct mi-
served that could not be attributed to eitherdmr any of the crostructure regions, discussed in Section 3.1 as dark and light
molybdenum oxide phases stable at the ambient tempefdture. regions. Molybdenum carbide present in the first type of region

648—Volume 10(4) December 2001 Journal of Thermal Spray Technology
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Table 5 Comparison of reduction of molybdenum carbide contents for different spraying techniques and starting powder

. o)
compositions %
€L

Spraying technique Material Mo,C content (wt.%) Material Mo ,C content (wt.%) X
Powder Coating Powder Coating ;D

Plasma SX 274 77 19 SX 391 100 87 D
HVOF SX 274 63 0 SX 391 100 55 %
Q

Table 6 Lattice parameter change for selected powders and corresponding deposits

Material/technique Phase Lattice constant Powder (180 nm)  Coating (10*nm)  Change (10! nm) Change in (%)
SX 274 plasma Mg a 3.002 2.967 —-0.035 -1.17
Mo.C c 4.716 4,721 0.005 0.11
Mo 3.145 3.150 0.005 0.16
SX 274 HVOF MqC a 3.005
Mo,C c 4,738
Mo 3.147 3.147 0 0
SX 391 plasma Mg a 3.010 2.975 —-0.035 -1.17
Mo.C c 4.737 4,721 —0.016 -0.35
Mo 3.150
SX 391 HVOF MqC a 3.007 2.985 —0.023 -0.75
Mo,C c 4.730 4,729 —0.0005 -0.01
Mo 3.146

Table 7 Wear and friction data for various coatings and balls

Load: 50 N Steel 440 C ball 6.35 mm SiN, ball, @ 6.35 mm

Duration: 1 h Wear (16 mn?) COF after Wear (16 mn) COF after
Material Scar Ball 2m 35m Scar Ball 2m 35m
SX 274 plasma 5.5 0.2 0.18 0.19 6 1.6 0.2 0.5
SX 391 plasma 4.0 0.7 0.18 0.19 7.7(a) 1.9 0.21 0.35
SX 391 HVOF 4.8(a) 1.6 0.5 0.65 7.4(a) 9.8 0.68 0.55

(a) Estimate of wear volume complicated by irregular scar profile and pileup of debris

is surrounded by fully melted molybdenum, has a low carbon plasma spraying, the majority of particles are fully melted,
content, and has smaller lattice parameters. The second type cwhich enables effective diffusion of carbon between carbideg
region is represented by carbides that have not been fully melte@nd molybdenum. Upon impact, a supersaturated, molybdenu
during the deposition and so have not undergone such a signifisolid solution containing fine molybdenum carbide crystals is
cant change in carbon content and lattice constants. formed by rapid solidification. This was confirmed by the trans-

Conversely, the lattice constant of molybdenum present in mission electron microscopy (TEM) observation. The bright-
the SX 274 plasma coating is significantly larger than that in thefield image in Fig. 6 shows globular molybdenum-carbide
starting powder. It is well known that the interstitial carbon ex- crystals with size of approximately 100 nm. The distribution of
pands the molybdenum lattié@ Linear extrapolation of lattice-  the fine crystals is very uniform, which explains why the micro-
parameter/carbon-content dependence measured in Ref 13 (fchardness within the splats varies only slightly.
observed 0.16% expansion of Mo lattice) yields a carbon con- In the flame of the HVOF torch, the small particles of SX 391
tent in Mo-C solid solution of 0.1%. The equilibrium solubility powder melt, lose a large portion of carbon, and form molybde
of carbon at room temperature is limited to less than 0/03%. num regions with small carbon content and low hardness
High carbon content (up to 0.5%) and large changes of molyb-Molybdenum carbide is present in smaller quantity within these
denum lattice parameters (up to 0.32%) were reported by the auregions, but a large portion of it is deposited directly by me-
thors of Ref 2, where the expansion of Mo lattice was attributed chanical impact, as discussed in Section 3.1. The molybdenu
to its supersaturation with carbon after rapid solidification. This carbides deposited by mechanical impact are not so carbon de
demonstrates that during plasma spraying the diffusion in meltedcient since the diffusion in the core of the particles is very lim-
Mo-Mo,C is sufficient to redistribute carbon within a flying par- ited. These two distinct deposition mechanisms make thg
ticle. On the other hand, the lattice of molybdenum present in thestructure of HYOF deposit heterogeneous.
HVOF deposits is not significantly larger than that in starting
powders, which means that most carbon was removed from
small particles in-flight.

Based on the microstructure observations and x-ray diffrac-  The wear test results for both types of counterbodies are pre
tion measurements, some basic differences between HVOF anisented in Table 7. The comparison of friction data and wear vol
plasma deposition of molybdenum carbides can be seen. In thaumes reveals a basic difference in friction behavior of plasma

3.3 Wear Testing

Journal of Thermal Spray Technology Volume 10(4) December2@%0
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Fig. 6 Bright-field TEM image of plasma-sprayed SX 391 Mo-Mahowing distribution of globular carbide particles in molybdenum matrix (87%
of molybdenum carbide); diffraction pattern from )erich area

and HVOF coatings. For all plasma-sprayed coatings testedwas not significantly different from the first observation. A
against the steel balls, the coefficient of friction (COF) remained larger surface damage to the plasma coating was noticed after
lower than 0.2 during the entire test, as can be seen on Fig. 7. 0320 s (3.2 m) of sliding. This damage had a form of cutting and
the other hand, the COF for HVOF coatings tested against theplastic deformation. For the HVOF coatings, the damaged zones
same counterbody almost immediately reached the value of apand the surface roughness increased, causing the rapid rise of the
proximately 0.5. In the case of;Nj, balls, a gradual increase of COF to 0.68. Etching of the surface of the HVOF coating with
the COF with time was observed for all coatings. For SX 274 andMurakami’s etchant showed that the delaminated areas repre-
SX 391 plasma coatings, the COF reached values of 0.5 and 0.3sented the edges of hard but brittle molybdenum-carbide zones.
at the end of the test, respectively. In spite of lower porosity of At the same time, an intense transfer film formation was ob-
the HVOF coating, the increase of the COF (tested agait Si served on the surface of the HVOF test specimens. When illu-
ball) was much more rapid and reached its maximum value ofminated in the optical microscope, a colored diffraction pattern
0.68 at the early phase of the test. Figure 8 shows the compariwas formed in the areas of transition films. The film appears as
son of wear scars for HYOF and plasma SX 391 coatings testeca gray area on the presented black and white micrographs. The
against both types of counterbodies. The HVOF SX 391 coatingformation of the film suggests that an intensive adhesive action
exhibits more signs of intense adhesive wear compared towas taking place during sliding and contributed to the high val-
plasma materials. Also, the wear of balls was larger when in con-ues of the COF for the HVOF coatings. It is speculated that the
tact with HVOF-sprayed materials. more intense adhesive wear of HYOF deposited molybdenum

To explain the observed difference, an interrupted test, in- may be related to its low carbon content compared to the plasma-
cluding observation of wear scars and balls in 40 s time intervals sprayed materials, where no such film formation was recorded at
was performed on the plasma and HVOF SX 391 coatings. Fig-this stage of sliding tests. After 25 min (15 m) of sliding, the first
ure 9 shows that after the same distance the appearance of ttexcessive delamination was recorded in the plasma coating, and
wear scars of both materials was different. After 40 s (0.4 m), the COF started to increase. This test showed that the first con-
almost no surface damage could be observed in the case of thtact between the ball and the surface of the plasma coating pro-
plasma coating, whereas the HVOF coating displayed some lo-duced localized plastic deformation with very limited material
calized delamination. It should be noted that the original pol- removal. Splat delamination and wear scar widening is post-
ished surface of the plasma coating prior to the test shows a largponed to a later phase of the test. In the case of HVOF, delami-
amount of surface voids (in-plane size 10 to 61, whereas nation and surface roughness rise occurs early in the test and
the original surface of HVOF coating has a smooth surface with causes the high value of the COF, characterized by the rapid in-
limited number of voids (in-plane size20 um). In time inter- crease of the scar width at the very beginning of the test and the
vals of 80, 120, and 160 s, the comparison of surface conditionslarge wear of its counterbody.
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Fig. 7 The evolution of the COF for various coatings tested agangdQ C steel andj silicon nitride balls

These results suggest that the differences in coating micro-plasma-deposited coating has a very low abrasion resistance
stucture, such as nonuniform distribution of Xdn HVOF while the HVOF counterpart performance was significantly su-
coating and strong molybdenum supersaturation by carbon ofperior. For comparison, the weight losses of 440 C steel and
the plasma coatings, are responsible for different friction prop- sintered alumina in similar tests are 190 and 12 ofmmim, re-
erties. Itis believed that the main reason for significantly differ- spectively.
ent friction behavior between the HVOF coatings and the  The difference can be explained by the observation of the
plasma—sprayed ones is the difference in the Strengthening mechEM micrographsl The low abrasion resistance of SX 39
anism of both structures. The splats in the plasma deposit arqlasma coating was caused by the delamination of entire splat
compact, formed by nanosized, globular molybdenum carbidesyhile the weight loss of HVOF SX 391 was caused mainly by
with a reduced carbon content and lower hardness embedded icutting action. Even though a localized delamination in the
the molybdenum matrix, which is supersaturated by carbon. Thismolybdenum carbide areas occurred also for HVOF coating, th¢
compact structure can well resist even the contact loading in tnEremaining core parts of the molybdenum carbide regions werg¢
initial stage of ball-on-flat sliding, when the Herzian stress is slowing the cutting action of SiC grains. The overall abrasion
very high. On the other hand, the HVOF coatings contain a largerate was in this way reduced. In plasma SX 274 coating, a mixe

amount of unmelted carbide particles with very high hardness.mechanism of material removal was observed, including cutting
Carbides in these hard regions are not so uniformly bound by theand delamination similar to plasma SX 391.

molybdenum matrix. The structure of the HVOF J@aegions
is hard yet brittle and can be partially delaminated during the ini-
tial stage of the sliding contact. 4. Conclusions

Molybdenum carbide powders were successfully deposited
with a HVOF technique. The degree of decarburization during

The chart in Fig. 10 reveals a striking difference between the combustion spraying was higher than in the case of plas
the abrasion resistance of the materials tested. The SX 391spraying.

3.4 Abrasion Testing
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Fig. 8 Surface of wear scars for HYOF and plasma SX 391 MgcMested against) 440 C steel andj silicon nitride balls

Lattice constants of molybdenum present in HVOF and sprayed materials. The main difference consisted in the very low
plasma deposits were significantly different. Molybdenum COF of the plasma deposits and a rapid onset of the high COF
formed in the plasma splats was strongly supersaturated by carfor the HVOF coatings. This difference was attributed to the
bon. A similar effect was not observed in HVOF deposits. highly heterogeneous structure of the HVOF materials with the
Molybdenum carbides had smaller lattice constants in the high content of hard yet brittle molybdenum-carbide regions.
plasma deposits, which is believed to be due to dissolution of At the same time, the abrasion resistance of HVOF SX 391
carbon in the Mo matrix during the deposition melting and sub- Mo-Mo,C was more than ten times higher than that of a coating
sequent entrapment of carbon in molybdenum lattice upon rapidprepared from an equivalent powder by plasma spraying. In the
solidification. plasma coatings, thinning and subsequent delamination of entire

The HVOF coatings had higher density and hardness valuessplats or their parts was the mechanism controlling the wear
nevertheless, their sliding friction properties in the tests per-rates. Even though localized delamination from molybdenum
formed did not appear to be superior to the traditional plasma-carbide regions in HYOF SX 391 occurred as well, it produced
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Fig. 9 Different stages of dry wear/friction tests of SX 391 plasma and HVOF-deposited coatings tested against silicon nitride balls

relatively small wear volumes compared to the debonding of en-  The study showed that the deposition of refractory carbide
tire plasma splats. The overall abrasion response of the HVOF-phase without a binder is possible by HVOF technique. Furthe
sprayed material was controlled by the hard®phase rather  development of Mo-MgC HVOF spraying should be focused on

than by the softer Mo matrix. improvement of the phase distribution in the coating structure,
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Two-body abrasion test

Weight loss
[g/m?*min]
SX 391 Plasma | SX 274 Plasma | SX 381 HVOF
[g/mZmin) 873+171 234148 7747.5

SX 301 HVOF

Fig. 10 Weight loss for different materials in two-body abrasion tests and corresponding SEM images of worn surfaces
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