
JTTEE5 4:384-394 
�9 International 

Lightweight TiC/Ti Wear-Resistant Coatings 
for Lightweight Structural Applications 

M. Mohanty and R.W. Smith 

Lightweight coatings based on titanium and titanium carbides produced by plasma spraying can be used 
to improve and modify the tribomechanical properties of aerospace structural materials. Although 
plasma-sprayed WC/Co coatings have been applied with success in many cases, such as primary wear-re- 
sistant materials, their high densities preclude their use in applications that mandate reduction in weight. 
In the present investigation, the sliding wear resistance of plasma-sprayed, metal-bonded TiC coatings on 
AI 7075 substrates was studied. Coatings containing 50, 70, and 90 vol% TiC in a Ti matrix produced 
from physically blended powders of Ti and TiC were compared. Metallographic evaluations showed that 
dense coatings with good bonding to AI 7075 substrates can be obtained. Coatings from commercial pu- 
rity (CP) Ti powders sprayed in air under atmospheric conditions, however, indicated considerable oxi- 
dation of the particles. Under dry sliding conditions, the coefficient of friction (COF) values of the Ti/TiC 
containing/AI 7075 substrate system were lower than high-velocity oxygen fuel (HVOF) sprayed 75% 
Cr3C2/25% NiCr coatings on steel and were comparable to coatings of WC/Co. Vacuum plasma-sprayed 
TiC/Ti coatings with 90 vol% TiC also exhibited better wear resistance than HVOF sprayed 
75 % Cr3C2/25 % NiCr. 

1. Introduction 

THE MONOCARBIDES of groups IV, V, and VI metals exhibit ex- 
ceptional properties, such as high hardnesses, wear resistance, 
and melting points (Ref 1-5). When such transition metal car- 
bide phases are cemented in a relatively ductile matrix, a combi- 
nation of high abrasion resistance and toughness is obtained 
(Ref 3, 4). Cemented titanium carbide based materials were first 
introduced commercially in 1930 (Ref 6, 7) as the first carbide 
tools for high-speed cutting of tool steels. The simultaneous de- 
velopment of tungsten carbide based materials (WC-Co) exhib- 
iting strengths 50 to 60% greater than cemented titanium carbide 
grades, however, caused interest in the use of cemented titanium 
carbides to wane. 

Although efforts were renewed after World War II for the de- 
velopment of titanium carbide based materials, the inability to 
improve their low impact resistance continued to prohibit their 
use. Since 1959, when Ford, Inc. introduced (Ref 8, 9) cemented 
titanium carbide cutting tools with properties superior to ce- 
mented tungsten carbide materials, interest in these materials 
has been growing, Today, titanium carbide based composite ma- 
terials also show promise for low-weight, high-strength wear- 
resistant applications at low and high temperatures. Their use as 
lightweight protective coatings is being considered in aero- 
space, transportation vehicles, and industrial mechanical equip- 
ment, where low mass and/or low inertia designs are required. In 
the applications, light alloys of aluminum, titanium, and magne- 
sium, as well as polymeric composite materials, such as carbon 
epoxy, promise high strength, high stiffness at low weight, cor- 
rosion protection, and fatigue resistance. Despite their promise, 
however, these base materials are limited by their inherently low 
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wear resistance. Hence, surface protecting coatings are needed. 
Due to the inhomogeneous nature of the TiC/metal coatings and 
the limited temperature capabilities of the base materials, coat- 
ing processes such as plasma spray can offer the materials flexi- 
bility and processing capabilities necessary to provide such 
coatings. Metal-bonded titanium carbide coatings produced by 
plasma spraying can thus be a cost effective alternative to en- 
hance and modify the tribomechanical properties of primary 
aerospace structural materials. Titanium carbide cermet coat- 
ings also offer substantial weight savings in such applications by 
virtue of their reduced density and increased elastic moduli. The 
properties of titanium carbide and titanium carbide based cer- 
mets, processed by conventional powder metallurgy routes or 
by vapor deposition processes, have been reported (Ref 10, 11). 
Carbide and nitride based compositions of considerable com- 
plexity, e.g. (Ti, Ta, Nb, V, Mo, W) (C, N)-(Ni, Co)-Ti2AIN, have 
been developed and even commercialized (Ref 2). Despite this 
recent surge in research interest in titanium carbide and titanium 
carbide based cermets, little information is available on their use 
by the thermal spraying industry. 

Thermally sprayed coatings of WC/Co have been widely de- 
veloped for tribological applications (Ref 12-15). WC/Co has 
been used as the primary wear-resistant coating material due to 
its high hardness, acceptable oxidation/corrosion behavior, and 
excellent compatibility with many iron and nickel based sub- 
strate materials. Its choice as a protective coating for lightweight 
structures is not considered optimal for many of the lightweight 
materials being considered in aerospace and other transporta- 
tion vehicles. The high density of such coatings (~ 13.5 g/cm 3) 
makes them heavier than necessary and may compromise some 
lightweight structural designs. Alternatively, the high relative 
cost of WC/Co (U.S. $500/m 2 for WC/Co as compared to 
$125/m 2 for TiC/Ti for as-coated 250 gm thick coatings assum- 
ing 65% coating efficiency) is also a disadvantage to other, less 
dense wear-resistant coatings such as TiC based hard met- 
als,which are less than 25% the weight and, thus, 25% the cost of 
WC/Co coatings. Other potential advantages anticipated in us- 
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ing such materials in thermal spray processes were recently re- 
viewed (Ref 16, 17). Although thermal spraying of materials 
such as NiCr/TiC has been reported to be very successful (Ref 
18, 19), the substrates used for such coatings have almost always 
been steel. The application of such coatings on light metal sub- 
strates has probably been limited in the thermal spraying indus- 
try because of the high temperature effects associated with most 
spray processes. A majority of light alloys, unlike steel, have low 
melting points, which prohibits their use by this industry. 

As a part of a program to develop lightweight coatings for 
lightweight structural materials using plasma spraying, the 

Ti/TiC system was investigated. Coatings of Ti and T'0r matri- 
ces, where Xrepresents Ni, Cr, A1, etc., with TiC reinforcements 
are being developed using plasma spray processes. Process pa- 
rameter variations that affect coating structure, adhesion, and 
cohesion are being evaluated. Coating microstructures, phase 
analysis, bond-line characterization, and other structural fea- 
tures are being characterized to develop plasma spray coating 
processes for the materials systems described above. Physical 
and mechanical properties, such as coefficient of thermal expan- 
sion, elastic modulus, and tensile strengths are being measured 
for optimum coatings. Ball-on-disk sliding wear testing is also 
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Fig. 2 

Table 1 

(a) 

Scanmng electron micrographs showing the morphology of(a) titanium and (b) uranium carbide powders 

Properties of the powders used in this investigation 

(b) 

Powder Method of Particle Composition, Carbide 
designation Supplier manufacture size wt % grain size 

AMDRY 918-2 Sulzer PI Tech . . . . .  90/am, +11 I, tm 99.4 TI ... 
Ampent 570.0 H.C. Starck -23.5, +5.6 lure TiC ... 
JKI35 Deloro Stelhte Plasma denslfied 45/am 75% Cr3C2/25% N I C r  Prealloyed 
Amperit 586.072 H.C. Starck Agglomerated and -36/am, + 10/am 80% Cr3C2/20% NiCr I-2/am 

sintered 
JKI 12 Deloro Stellite Smtered ~,5 tam 88% WC/I 2% Co I-2 lum 

being conducted on selected coating/base material combina- 
tions to determine the wear behavior of such material systems. 

2. Experimental Procedure 

2.1 Spray Powders 

Commercially available titanium and titanium carbide pow- 
ders were used in this study. Titanium powder was produced by 
Sulzer-Metco (SulzerMetco, Westbury, NY) as Amdry 918-2 
with a - 9 0  lain + 11 l.tm size range specification. Stoichiometric 
(1:1) TiC powders, supplied by H.C. Starck (Newton, MA), des- 
ignated Amperit 570.0, had a particle size range o f -23 .5  + 5.6 
I.tm. Table I indicates the powder designations of the manufac- 
turers, method of manufacture, particle size distribution, and 
analysis of  each powder. The two powders were mechanically 
blended for 48 h in a 'V'-blender in various proportions to ob- 
tain three target composite compositions (Table 2). 

As-received powder samples were examined by x-ray dif- 
fraction (XRD) analyses using a Siemens D500 (Siemens Ana- 
lytical X-Ray Instruments, Inc., Madison, WI, USA) x-ray 
diffractometer to identify the major phases present. The results 
of scans for the diffractometer set at 40 kV and 30 mA using a 
CuKcx (~, = 1.54~ radiation source are shown in Fig. l(a) and 
(b). The morphologies of the different powders were determined 
by scanning electron microcopy (Fig. 2). The "Ii powders were 
irregular and exhibited rounded features (Fig. 2a) whereas the 
TiC powders appeared blocky and angular (Fig. 2b). 

Table 2 Composition of the feedstocks and sprayed 
coatings 

Powder composition, Final coating composition, 
Material voi % vol % 
Titamum 100"1~ 100Ti 
TiC/Ti 50TiC/50Ti 41TiC/59Ti 
TiC/Ti 70TiC/30Ti 70TiC/30T1 
TiC/ri 90TiC/10Ti 84TiC/I 6Ti 

Note: Final coating composition is measured by image analysm. 

2.2  Substrates 

A17075 of the 7xxx series contains nominally 5.1 to 6.1 wt% 
Zn, 2.1 to 2.9 wt% Mg, and 1.2 to 2.0 wt% Cu as the principal al- 
loying elements, and has the greatest response to age hardening 
of all aluminum alloys, leading to very high strengths (Ref 20, 
21). Hence, A1 7075 alloys are widely used in high-strength air- 
craft structures including extrusions, forgings, and sheets. An- 
other commonly used light alloy is Ti-6A1-4V, which contains 
nominally 6% aluminum, 4% vanadium, and balance titanium. 
This alloy combines a minimum tensile strength of 960 MPa 
with good creep resistance up to 380 ~ (Ref 21). Alloys of Ti- 
6AI-4V are favored for fan blades of jet engines, impellors for 
pumps, and other forged components. On this basis, A17075 and 
Ti-6AI-4V alloys were chosen as substrates in this investigation. 
As mentioned earlier, light alloys, such as A17075, have a much 
lower melting point than Ti-6AI-4V alloys, i.e., 635 ~ com- 
pared to 1660 ~ Since plasma spray processes typically in- 
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Table 3 Spray parameters 

Spray Commercially Commercially 
parameters p ure Ti pure Ti 

Coating material 
Commercially 

pure Ti 50TiC/50Ti 70TiC/30Ti 90TiC/10Ti 

Spray system APS (EPI) VPS (EPI) 
Spray distance, mm 76 127 
Torch type 03CA 03CA 
Anode type No. 170 No. 170 
Cathode type 9 9 
Arc gas 1 type At" (No. 62) Ar (No. 62) 
Arc gas I setting, MPa 0.83 0.76 
Arc gas flow, L/mm 66 59 

, Arc gas 2 type He He 
Arc gas 2 settmg, MPa 0 41 0.38 
Arc gas 2 flow, L/min 28.3 26 
Voltage, V 39 38 
Current. A 1100 1100 
Carrier gas Ar Ar 
Cartier gas setting, MPa 0 41 0.41 
Carrier gas flow, L/min 8.5 8 5 
Powder feed rate, g/mln 25 25 
Shroud gas . . . . . .  
Shroud gas flow, L/min . . . . . .  
Run No A93789 V93878 

Note: Substrates (A17075) were gas (mr) cooled. 

APS (Mdler) VPS (EPI) VPS (EPI) VPS (EPI) 
76 150 150 150 

SG 100 O3CA O3CA O3CP 
2083 175 No. 170 No. 170 No. 170 
1083A129 9 9 9 
Ar (No. 62) Ar (No. 62) mr (No. 62) Ar (No. 62) 

0.5 0.76 0.76 0.76 
41.5 59 59 59 
He H2 (0.009) H2 (0.009) H2 (0.009) 

0.52 0.17 0.27 0.27 
18.8 4.7 7.1 7.1 
43 45 46 46 
800 1100 1100 1100 
Ar mr Ar Ar 

0.41 0.48 0 48 0.48 
8.5 8.5 8.5 8.5 
25 40 40 40 
m r  . . . . . . . . .  

88 SCFH . . . . . . . . .  
A93849 V93961 V93963 V93962 

volve high temperatures, the use of AI 7075 as substrates is a 
problem that merits more study. 

2.3 Coating Procedure 

2.3.1 Equipment  

The primary experimental  apparatus consisted of  an EPI 
O3CA DC plasma torch (Sulzer, Westbury, NY), a cylindrical 
steel vacuum chamber, a plasma gas supply system, and a volu- 
metric powder feeder. The direct-current plasma torch was 
housed in the steel chamber of  diameter 1.0 m and length 2.0 m. 
The plasma torch, rated at 120 kW, consisted of  a water-cooled 
copper anode and a water-cooled tungsten cathode. An EPI 170 
anode/nozzle (Sulzer, Westbury, NY) was fitted to the torch and 
used at atmospheric pressure in air as well as at low pressure (vac- 
uum plasma sprayed, VPS). The power supply for the torch was a 
Metco Model Type 8MR (Metco Perkin-Elmer, Westbury, NY), 
with an operating capability up to 80 V and 1100 A. 

2.3.2 Coating Process 

The blended powder mixtures were dried in a vacuum oven 
at 100 ~ for 10 h prior to spraying. The operating parameters 
were systematically varied to optimize a coating that was well 
bonded and had maximum density. Preliminary investigations 
showed that several key steps had to be taken to obtain satisfac- 
tory coatings. These investigations indicated that to minimize 
segregation and increase deposit efficiencies and coating qual- 
ity, it was necessary to use a nozzle with internal and upstream 
powder feed ports and a narrow spray pattern. The spray proce- 
dure also involved, as a critical step, cooling of  the specimens by 
Ar gas jets and using a water-cooled copper chill block during 
the spraying process. Substrate cooling, particularly that of  AI 
7075, was necessary to prevent melting. Under a given set of 

spray conditions, the substrate thermal stability determined the 
specimen standoff distances. The test specimens were sprayed 
according to the parameters given in Table 3. Surfaces of  all 
specimens were grit blasted using No. 13 alumina grit and were 
ultrasonically cleaned in alcohol prior to spraying. 

For evaluation of  the coating quality, A1 7075 coupons, 25 
mm x 75 mm in size, were used. For  sliding wear tests, A1 7075 
disks, 60 mrn in diameter and 4 mm thick, were used as sub- 
strates. Two disks were coated in a single spray run; they were 
mounted on the water-cooled, copper chill block that traversed 
back and forth with the surfaces of  the disks normal to the gun 
nozzle while the gun was traversed vertically during the spray- 
ing process. 

2.3.3 Microstructural Characterization 

Microstructural characterization studies were conducted to 
determine the coating structure, porosity content, volume frac- 
tion o f  carbides, and presence o f  secondary phases as related to 
particular spray conditions. Samples cut from each coated cou- 
pon were epoxy mounted in cross section and polished with 120 
grit SiC paper using water as a lubricant. Subsequently, three 
resin bonded diamond disks from TBW Industries were used in 
sequence to fine grind and polish the samples to a surface finish 
of  <0.3 lam Ra. As the final step in the polishing procedure, a 

napped polishing cloth saturated with an alumina suspension 
was used. The suspension medium lightly etches the microstruc- 
ture. An image analysis system (Image 1.41) coupled to a Zeiss 
ICM (Zeiss, Carl, Inc., Thornwood, NY) 405 optical microscope 
served to investigate features such as the distribution of  car- 
bides, area fraction occupied by the carbides, and percentage po- 
rosity in the coating. Vicker 's  microhardness measurements 
were made on polished cross sections of  the coatings by indent- 
ing at a load of  300 g for 10 s. Ten measurements were taken and 
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averaged. XRD was used to determine the phases present in the 
coating. 

2.4 Wear Testing 
Wear tests were carried out under dry sliding conditions in a 

ball-on-disk configuration using an AMTI Model C (AMTI. 
Inc., Watertown, MA) wear testing machine according to the 
ASTM G99-90 (Ref 22) standard. Sliding wear was induced by 
contacting a rotating coated disk under a load against a station- 

ary l0 mm diam sapphire ball chosen as the counterbody. All 
tests were performed under dry air environment (at relative hu- 
midity <1%). The polished disks were also dried in a vacuum 
oven at 100 ~ for 8 h prior to testing to drive off any moisture 
that might influence the test results. Acomputerized data acqui- 
sition system, interfaced with the wear tester, recorded the test 
parameters such as the friction force, the speed, and the coeffi- 
cient of friction (COF), at a rate of 1 Hz. A twenty-point running 
average was carried out on the data during its acquisition. The 
material loss in the wear scars on the coating, caused by the slid- 
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ing of the counterbody against the coating surface, was quanti- 
fied by the cross-sectional areas of the scars using surface pro- 
filometry. For this investigation, a Hommelwerke T20 (Hommel 
America, Inc., New Britain, CT), a universal surface measure- 
ment and evaluation instrument that detects surface irregulari- 
ties by stylus tracing, was used. 

mained essentially unchanged. The primary oxide that appears 
to have been formed is Ti20 with lesser amounts of  TiO. Higher 
metal-to-oxygen ratios indicate partial reaction of titanium with 
oxygen from the air. Thus, the APS coatings probably contain 
equivalent amounts of both elemental titanium and titanium ox- 
ides; therefore, not all Ti transformed to TiO2. 

3. Results and Discussion 

3.1 X-Ray Diffraction 
XRD patterns of vacuum and air plasma sprayed (APS) Ti 

coatings are shown in Fig. 3(a) and (b), respectively. Acompari- 
son of the results of the Ti coating obtained in vacuum and in air 
showed that a considerable amount of titanium reacted with the 
oxygen in air to form titanium oxide when sprayed under atmos- 
pheric conditions, whereas titanium sprayed under vacuum re- 

3.2 Microhardness 

Table 4 presents the microhardnesses of various coatings. 
Microhardnesses of the VPS and APS titanium coatings showed 
significant differences. The low-pressure coating hardness 
value, averaging around 188 VHN30 ~ was close to that of pure 
titanium, ~ 140 VHN300 (Ref 23 ). The slight increase in hardness 
was probably due to the presence of small amounts of nitrogen 
and oxygen, typically 2000 to 3000 ppm, dissolved in titanium 
powder prior to and during spraying, and due to the fine grain 
structure of the coating. It was difficult to determine any oxides 

Fig. 4 Optical micrograph of the cross section of low-pressure 
plasma-sprayed Ti coating 

Fig. 5 Optical micrograph of the cross section of APS Ti coating 

Fig. 6 Photomicrograph of cross section of VPS 50 vol% TIC/50 
vol% Ti coating 

Fig. 7 Photomicrograph of cross section of VPS 70 vol% TIC/30 
vol% Ti coating 
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or nitrides through XRD. However, for the APS titanium coat- 
ings, a greater than 300% increase in hardness resulted. This 
showed the direct influence of oxides formed during Ti powder 
interactions in air. Although oxidation leads to an increase in 
hardness, it also has the detrimental effect of decreasing the 
coating toughness. 

A similar, but less dramatic, increase in microhardness with 
increasing volume percent TiC in Ti was also observed in the 
VPS TiC/Ti coatings. However, only when the TiC content was 
increased to 90 vol%, could coating hardness values greater than 
500 VHN300 be obtained. This demonstrated that a threshold 
level of TiC phase (>70 vol%) was needed before a substantial 
increase in coating hardness was realized. Investigations are 
continuing to evaluate the air plasma spraying of such TiC/Ti 
coatings. Preliminary results indicate that dense, low oxide con- 

tent and well-reinforced TiC/Ti coatings are difficult to produce 
using normal air plasma spraying. It is postulated that this is due 
to a lack of wetting of TiC by molten titanium particles because 
of oxidation of the surface of the titanium particles. 

3.3 Coating Structure 

An optical micrograph ofa VPS Ti coating, shown in Fig. 4, 
shows a dense and clean microstructure. Isolated pores seen in 
the coating structure are due to the use of coarse Ti powders. 
(Coarse titanium powders were used because powders below 30 
I-tm are pyrophoric and thus hard to handle.) The coating also ap- 
pears to be very well bonded to the AI 7075 substrate. 

Figure 5 illustrates the structure of an APS titanium coating. 
Although the microstructure exhibits a fairly dense (>95%) 
coating by comparison to the VPS coating of Fig. 4, faint pro- 
files of a lamellar structure indicating contamination due to oxi- 
dation of the splats could be distinguished. High hardne~ values 
and XRD analyses confirmed these observations. These high 
hardness values also indicated a decrease in ductility. It is ex- 
pected that APS titanium, although dense and hard, would not 
exhibit good wear behavior due to its low toughness. In general 
it is believed that a tough, lower hardness metallic binder, such 
as titanium, is preferred for a high volume percent TIC rein- 

Fig. 8 Photomlcrograph of cross section of VPS 90 vol% TIC/10 
vol% Ti coating 

Table 4 Coat ing  m i c r o h a r d n e s s  

Microhardness, Standard deviation, 
Coating VHN at 300 g VHN at 300 g 

CP Ti (APS/EPI) 975 175 
CPTi (VPS/EPI) 211 46 
CP'fi (APS/Shroud) (a) 625 136 
50TIC/50Ti 327 76 
70TiC/30Ti (VPS) 437 118 
90TiC/I 0Ti (VPS) 842 210 

(a) Miller thermal SG100 gun (Mnller Thermal, Inc., Appleton, WI). 
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forced coating. The coatang also showed relatively good bond- 
ing to an A1 7075 substrate. Again, some regions of poor bond- 
ing observed may be attributed to oxidation of particles. 
Because the goal of this research program is to coat lightweight 
structural materials with lightweight coatings, observation of a 
good bonding is an encouraging result. 

Figures 6, 7, and 8 show optical micrographs of three VPS 
coatings with 50, 70, and 90 vol% TIC (mechanically mixed), re- 
spectively. Such coatings were proposed to be potential replace- 
ments for WC/Co coatings on aluminum, titanium, and 
carbon-epoxy substrates. Coatings with densities greater than 
98% were obtained. The coatings showed some degree of layer- 
ing, which resulted in Ti-rich layers and TiC-rich layers and sug- 
gested some segregation of particles in flight when a 
mechanically blended powder was sprayed. In this case, even 
though the densities of  the Ti and TiC are similar (4.51 g/cm 3 and 
4.94 g/cm 3, respectively), the differences in particle size and 
morphology leads to segregation. This was also apparent by the 
decrease in coating thickness as the volume percent TiC in- 
creased for the same powder feed rate because the smaller and 
lighter TiC particles were segregated to a greater extent than the 
larger and heavier Ti particles. Despite the known disadvantages 
of mechanical mixtures, more than 80% of the carbides in the 
starting mixtures were retained in the coatings, as shown in Ta- 
ble 2. The coating structures also indicated melting of the car- 
bides, shown labeled in Fig. 6 and 7. In fact, a few isolated 
regions were evident where individual unmelted TiC particles 
can be seen. Overall, however, the scale of layering of carbides 
was fine and uniform. Good cohesion was observed in all the ti- 
tanium splats and all other interphase splat boundaries. More- 
over, some level of metallurgical bonding and changes to the 
TiC phases can be seen at the TiC/Ti interface regions. The 
strongest interactions suggested by optical examination were in 
the highest TiC content coatings (>90 vol% TiC). See Fig. 8. The 
microstructures also revealed good adhesion between this coat- 
ing and the substrate. 

During spraying, the A1 7075 substrate had to be gas cooled 
in addition to being mounted on a water-cooled, copper chill 
block because in the preparatory runs the low melting A1 7075 
substrate melted. On the other hand, plasma spraying of Ti on Ti- 
6A1-4V substrate did not require gas cooling. In all other re- 
spects, the coatings obtained on Ti-6A1-4V substrates were very 
similar to the titanium coatings on A17075; hence, they were not 
reported here. Thus, further investigations are needed to deter- 
mine or estimate the substrate temperatures under different 
spraying conditions. As Table 4 indicates, the blended TiC/Ti 
powders were sprayed with a higher enthalpy gas mixture, Ar 
and H 2 (Ref 24), so that the carbides could be melted, whereas 
dense coatings of Ti could be obtained using a lower enthalpy Ar 
and He gas mixture. A lower enthalpy gas mixture, such as Ar 
and He, may be used to spray TiC reinforced coatings if the pre- 
cursor powders are composites instead of mechanical blends. 

3.4 Sliding Wear 

The friction plots for the three TiC/Ti combinations are 
shown in Fig. 9-11. Figures 12 and 13 show comparative friction 
data for HVOF (Jet Kote II) sprayed J K l l 2  (88 wt% WC/12 
wt% Co) and JK135 (75 wt% Cr3CJ25 wt% NiCr) coatings 
tested under the same conditions. The friction plots of the three 
TiC/I'i coatings reveal that the instantaneous cyclic variations of 
COF were highest at the lowest volume fraction of TiC (50 
vol%) (Fig. 9) and lowest at the highest volume fraction of TiC 
(90 vol %) (Fig. 11). These changes resulted from variation in the 
frictional forces and occurred when the reinforced carbide or 
matrix material was continuously removed from the surface. 
Therefore, if the initial metal matrix is easily removed or trans- 
ferred selectively, hard carbides are released from the matrix; 
this in turn results in an even greater amount of material re- 
moval. This suggests that titanium as a matrix serves as an effec- 
tive binder only at amounts less than 30 vol% and is best only at 
10 vol%. A comparison of the plots also shows that TiC/T~ ex- 
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hibited lower COF values than the alternate 75 wt% Cr3C2/25 
wt% NiCr HVOF coatings and values comparable to WC/Co 
coatings. These low COF values for TiCfI'i show promise for 
TiC reinforcements to achieve lower COF values and thus re- 
duce energy losses. 

Figure 14 summarizes the wear track cross-sectional areas 
for the two previously listed commercial thermal spray coatings 
and the TiC/Ti coatings. For the VPS TiCfTi coatings, there is 
over an order of magnitude decrease in wear as the volume frac- 

tion TiC is increased from 50 to 90%. This result supports the 
earlier assumption that the metallic binder controls wear only at 
higher volume fractions of Ti. Thus, although the TiC phases ap- 
peared to be well bonded to the Ti, a greater level of wetting be- 
tween the carbide and the metal binder is needed. If the 
binder-carbide interaction is improved, for example, by modify- 
ing the binder material, then a higher amount of binder metal can 
be used without substantial change in any property. Figure 14 
also shows the exceptional wear resistance of HVOF sprayed 
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WC/Co coating under these test conditions. On the other hand, 
VPS TiC/Fi coatings with 90 vol% TiC showed better wear  re- 
sistance than the H V O F  (Jet Kote II) (Deloro, Stellite, Inc., 
Goshen, IN) sprayed 75 wt% Cr3C2/25 wt% NiCr coating. This 
indicated that "lqC-based coatings show promise in many appli- 
cations and may also substitute for W C / C o  in less aggressive 
wear conditions. 

4. C o n c l u s i o n s  

4.1 Coating Structures 

Investigations have shown that controlled atmospheres are 
needed to deposit titanium binder phases and TiC/Ti coatings to 
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minimize the degrading effects of  reaction with oxygen in the at- 
mosphere. Vacuum plasma spraying of  TiC/Ti produced depos- 
its of  density greater than 98%. Relatively good intersplat and 
interphase cohesion and good coating-substrate bond integrity 
(as observed by optical microscopy) were achieved. Even 
though mechanical mixing leads to a small extent of  layering, 
over  80% of  the initial TiC was retained in the coatings. Me- 
chanical mixing, however, appears to lead to segregation during 
spraying and lower deposit efficiencies. The use of  composi te  ti- 
tanium carbide/metal powders is l ikely to reduce such problems. 

4 .2  S l i d i n g  W e a r  

Comparison of  the 90 vol% TiC/Ti coatings on aluminum to 
Cr3C2/NiCr coatings on steel showed that the TiC/Ti coatings 
performed better under similar conditions, which demonstrated 
that TiC-based coatings onto aluminum have a high potential as 
wear-resistant coatings. However, it was also found that tita- 
nium matrices at high volume fractions were not effective bind- 
ers, which suggested that the Ti binder might be modified. In 
addition, because pure titanium has low oxidation resistance un- 
der sliding wear conditions, other titanium alloys or metallic 
binders need to be investigated. These investigations are 
planned for the next phase of  this work. 
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