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1. Introduction 

There has been considerable interest in identifying and developing solid lubricating systems 

which offer higher use temperature and load-bearing capacity than liquid lubricants. Solid 

lubricating films, however, tend to be worn away rapidly and thus require some mechanical 

means for replenishment. This is impractical for many hard-to-reach surfaces in motion and has 

prompted recent attempts at extending the sliding life of solid lubricating films.[l-31 

The purpose of the present study was to prepare self-lubricating composite structures and 

to study their frictional behavior. Specifically, these are composite coatings which contain a 

solid lubricating phase and a hard, ceramic matrix phase as distinctly segregated crystalline 

phases. These are envisioned as having the desired combination of lubricity and structural 

integrity. For the matrix phase, TiN was selected since it is a ceramic material which has been 

successful as a wear-resistant coating material.[4,5] MoS, was chosen as the lubricating phase 

because it has excellent solid lubricating properties due to its lamellar crystal structure.[6] 

A chemical vapor deposition (CVD) technique was used since it can yield uniform and 

coherent coatings and allows tailoring of coating composition. The non-line-of-sight nature of 

the CVD process would also be beneficial in coating complex substrates, which are difficult for 

techniques such as sputter deposition. 

2. Experimental 

The CVD reactor used in the present study is described in detail elsewhere. [rJ Precursors were 

composed of Ti((CH,)JA),, (99.9%, Strem Chemicals Inc., Newburyport, MA), MoF, (99.9%, 

Johnson Matthey, Wardhill, MA), NH3 (99.95 % , Alphagaz, Momsville, PA), and H$ (99.5 % , 

Alphagaz). 150 g of Ti((CH&N), was contained in a 200-cm3 stainless steel bubbler (Morton 

International, Danvers, MA) maintained at 313 K by a silicon-oil bath with an immersion 
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circulator. Ultra-high-purity Ar (99.995 %, Alphagaz) at 20 cm3/min (STP) was passed through 

the bubbler to carry the vaporized precursor to the reaction zone. To prevent premature 

reactions among the reagents, gas flows were separated by using a dual-pass, co-axial gas 

injeetor[q so that they mixed at a point - 8 cm from the leading edge of the graphite susceptor. 

The flow rates of the gases were Ar (diluent): 700, Mi,: 200, and H,S: 60 cm3/min. The MoF, 

flow rate was varied over 2.0 - 10.0 cm3/min. Graphite (UT 22) or Ti-6A1-4V alloy coupons 

were used as substrates. They were typically placed on a 13-cm long graphite susceptor which 

was inductively heated by a radio-frequency generator (164 kHz). A K-type thermocouple in 

contact with the graphite susceptor was used to measure temperature. Reactor pressure was 

maintained at 1.OkO.2 kPa for all experiments to promote development of uniform and diffusive 

flow fields in the reactor to obtain uniform coatings. 

Coating composition and microstructure were studied by X-ray diffraction (XRD) (PAD 

V, Scintag, Sunnyvale, CA), Auger electron spectroscopy (AES) (PHI 660, Perkin Elmer, Eden 

Prairie, MN), and transmission electron microscopy ("EM) (HF-2000, Hitachi, Tokyo, Japan). 

An ORNL-developed friction microprobe[8] which used a 1-mm sphere sliding at low speeds 

(10 pm/s) under a 98 mN load, measured friction coefficients on initial samples. The 

macroscopic wear and friction characteristics of selected samples were determined using a pin- 

on-disc apparatus which oscillated the slider over a specified angular range. The pin specimen 

in these tests was a 9.53-mm diameter Si3N4 sphere (NBD200, Norton, Northboro, MA). The 

friction tests were performed using an oscillatory motion over an arc of 90" .[9] The oscillation 

frequency was 40 cycledmin and the wear track diameter was - 20 mm. The resultant average 

sliding velocity was - 20 mmls. An applied force of 16.4 N was selected in order to provide an 

elastic, Hertzian contact pressure of 1 GPa. The standard test duration was 500 cycles (12.5 

min); however, additional tests of up to 4 h were used to examine the effects of prolonged 
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sliding. Tests were performed in air at temperatures up to 973 K. 

3. Results 

(1) Coating Synthesis and Characterization 

As shown in Fig. 1, the segregation of the constituent phases was found to be strongly 

influenced by the MoF, partial pressure. At the lowest MoF, partial pressure (2.8 Pa), 

diffraction peaks attributable to TiN were observed (Fig. la), although MoS, peaks were not 

seen. As the MoF, partial pressure was increased to 6.9 Pa, and subsequently to 9.6 Pa, the 

XRD patterns (Fig. lb  and IC) indicated that crystalline MoS, and TiN phases were co-deposited 

as distinctly discrete phases. With the further increase in the MoF, partial pressure to 13.6 Pa, 

the TiN peaks disappeared while the MoS2 peaks became more intense (Fig. Id). These 

observations suggested that composite coatings containing crystalline MoS, and TiN could be 

prepared. More importantly, the relative composition of the M0S2 and TiN phases could be 

tailored by controlling the MoF, concentration. 

Fig. 2 shows the AES spectra of the TiN-MoS, composite coating deposited at an MoF, 

partial pressure of 9.6 Pa. Peaks corresponding to Mo, S, Ti, and N were detected in a 1-mm2 

probed area on the coating surface after sputtering for 2, 15, and 40 min with a 3.5-keV Ar+ 

ion beam. Carbon and oxygen contents in the coating were below the detection limit of the 

instrument. The carbon peak in Fig. 2c was attributed to the graphite substrate. The atomic 

ratio of N to Ti, determined from the peak-to-peak heights, indicated that the TiN phase was 

near-stoichiometric. The Mo/S ratio was, however, found to be larger than 0.5, which might 

be explained by the preferential sputtering of sulfur over the heavier molybdenum atoms. The 

atomic ratio of Mo to Ti was found to decrease from 2.4 to 0.81 to 0.54 with increasing 

sputtering time. Based on these observations, it was estimated that the MoS, content was - 80% 
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near the coating surface and sharply decreased through coating thickness. 

The results obtained from the XRD and AES analyses were verified by electron 

diffraction and TEM studies performed on transverse sections. Fig. 3 shows a TEM micrograph 

of an area of -0.4 pm x 0.4 pm near the coating-substrate interface. The electron diffraction 

pattern of the area indicated the presence of both TiN and MoS2 as discrete crystalline phases. 

In this region it appears that pockets of MoS, crystallites are dispersed in a coating matrix 

consisting of - 50 nm TiN crystallites. 

The friction coefficient of this coating as measured by the friction microprobe was about 

0.2, indicating some lubricity. Wear test specimens were also prepared on Ti-6Al-4V alloy 

substrates using a MoF, partial pressure of 9.6 Pa. For comparison, samples were also prepared 

at a MoF6 partial pressure of 6.9 Pa to obtain a TiN-rich coating. 

The growth rate estimated from coating thicknesses initially decreased from - 3 pm/h to 

less than - 1 pm/h with increasing the MoF, partial pressure, yet increased to - 35 pm/h when the 

MoF, partial pressure was further increased to 13.6 Pa although no TiN w a  observed to be 

deposited. 

(2) 

Ti-6A1-4V alloy substrates (- 18 mm x 25 mm) were used in the pin-on-disc friction and wear 

experiments. As mentioned earlier, composite coatings containing MoS, or TiN as a major 

phase with a thickness of 5 10 pm were prepared. Also, pure MoS2 coatings were prepared for 

comparison. To establish a baseline, a polished surface of an uncoated Ti-6Al-4V specimen was 

also tested at room temperature for 500 cycles (12.5 min) (Fig. 4). The friction coefficient at 

the start of sliding was 0.55, then decreased to 0.4 after 2 min, and remained at this value for 

the remainder of the test. A - l@pm deep groove was formed on the wear path. The friction 

Pin-On-Disc Friction and Wear Resulrs 
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coefficient of a tested, pure CVD-MoS, coating remained at - 0.2 for the entire 500 cycles, but 

reached - 0.32 near the end of a 4 h test. After 500 cycles a -40 pm deep groove was formed, 

indicating that the coating was rapidly worn through. A TiN-rich, composite coating specimen 

with an MoS2 content estimated to be less than 10% was also tested (Fig. 4). The friction 

coefficient of the sample was initially 0.5, increased to 0.7 in the first 2 min of sliding, and 

eventually reached 0.8 after 5 min. In this case, the only evidence of wear was the flattening 

of the coating surface in the wear path caused by the removal of the highest summits. 

The friction coefficient values of several specimens having a MoS,-rich composition were 

relatively low (0.1-0.3), and remained so for the duration of the 12.5 min tests. For example, 

specimen #5 evaluated at room temperature had a friction coefficient which varied from an initial 

value of 0.1 to a final value of 0.13 at the end of 500 cycles (Fig. 4). A wear groove - 10 pm 

deep was formed on the coated surface. The initial friction value of specimen #9 was 0.07, and 

the value increased to 0.11 in the first 2 min, eventually reaching 0.13 after 500 cycles (Fig. 4). 

Profdometry of the wear track revealed a flat-bottomed groove - 5 pm deep. Specimen #8 was 

examined in two long-duration tests. The initial friction coefficient value was 0.09, although 

after 2 min of sliding the value rose to 0.22, and reached 0.3 at 15 min. A gradual increase in 

friction continued until the end of the test at 61 min, at which time the friction coefficient was 

0.6 (Fig. 4). A wear groove of - 4.5 pm deep was formed in the coating. Similar results were 

obtained in other long duration tests. 

As shown in Fig. 5 ,  specimen #7 was tested at room temperature and 573 K with 

comparable friction coefficients. Specimen #5, which had a friction coefficient between 0.1 and 

0.13 at room temperature, was tested at 673 K and exhibited an initial value of 0.35 which 

increased to 0.62 after 1 min of sliding (Fig. 5) .  The friction value continued to gradually 

increase to the final value of 0.75 at 12.5 min. Subsequently, this coating was tested again at 
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673 K, but at a low load of 1 N, which was equivalent to a contact pressure of 0.37 GPa, and 

the friction coefficient started at 0.7 and increased continually to 1.0. Specimen #7 was further 

tested at 973 K and, interestingly, its friction coefficient was found to be relatively low (- 0.3), 

and remained so for the duration of the entire 12 min test (Fig. 5).  

4. Discussion 

For the TiN/MoS, composite coatings tested at room temperature, the general trend was that the 

initial friction coefficients were comparable to those of pure MoS, prepared by either PVD or 

CVD techniques,[lO] and tended to increase with test time. This observation was attributed to 

the changes in the MoS, content through the coating thickness, as confirmed by AES depth- 

profiling and transverse TEM analyses. The compositional grading was not intentionally created 

and might be caused by substrate effects or some type of transient kinetics occurring during 

growth in this complex CVD system. The formation of the graded structure is, however, 

advantageous since it may extend the wear life of the lubricating surface. The TiN-rich interface 

provides good adhesion to metal substrates as well as the required mechanical strength and 

integrity.[ 111 The presence of the TiN-rich interlayer can also help prevent metal atoms from 

diffusing into the coating from the substrate, which often causes rapid degradation of lubricating 

1 

surfaces at elevated temperatures. [ 1 11 

Friction curve analysis is one method for assessing the repeatability of test conditions as 

well as the uniformity of the starting materials and scheme of lubrication.[12] In the present 

coating tests, the friction force tended to follow a complex series of changes before reaching a 

steady-state condition. The friction force climbed rapidly at first, leveled off, experienced a 

sharp drop, and finally rose to a steady-state value. Fluctuations in friction force and other types 

of frictional variations were also observed, reinforcing the observation that the composition and 
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microstructure of the coatings varied through the coating depth. 

The coating surfaces remained lubricous at temperatures below 573 K, but the friction 

coefficient ihcreased sharply at 673 K. The increase may be attributed to the oxidation of MoS, 

at the coating surface to form MOO, which is not known to be an effective lubricant. This 

explanation was confirmed by the detection by AES analysis of MOO, on the wear track. As 

mentioned previously, interesting frictional behavior of the composite coating was observed at 

973 K where the friction coefficient was measured as - 0.3, substantially lower than that measured 

at 673 K (Fig. 5). The apparent transition in the friction coefficient value observed at these high 

temperatures is not clearly understood at present, and may require a detailed analysis to 

characterize the wear surface. 

5. Conclusions 

Composite coatings containing TIN and MoS, as discretely distinct chemical phases were 

prepared by CVD at a relatively low deposition temperature of 1093 K. The molar ratio of TiN 

to MoS, in the composite structure was tailored by controlling the precursor concentration of 

MoF,. The friction coefficients of the composite coatings measured at room temperature and 

at a contact pressure of 1 GPa were typically in the range of 0.07-0.3. The friction coefficient 

of the composite coatings remained unchanged when the test temperature was increased from 

room temperature to 573 K. However, the coefficient of friction measured at 673 K was high 

(0.8 to 1.0) and was attributed to the preferential oxidation of MoS2. Surprisingly, the friction 

coefficient measured at 973 K was low (-0.3) and remained so for the duration of an entire 12 

min test. 

To a large extent the friction and wear results obtained in the present study are 

preliminary, yet encouraging. The composite coatings of MoS,-TiN have interesting properties 
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which may find utility in a variety of applications. 

DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi- 
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom- 
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 
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List of Figures 

Figure 1 XRD patterns of coatings deposited at 1093 K and MoF, partial pressures of: (a) 

2.8 Pa, (b) 6.9 Pa, (c) 9.6 Pa, and (d) 13.6 Pa. All other process parameters 

were kept constant. The peaks marked with asterisks were from the graphite 

substrate. 

Figure 2 AES spectra of a TiN-MoS,composite coating deposited at a MoF, partial 

pressure of 9.6 Pa after sputtering for (a) 2, @) 15, and (c) 40 min with a 3.5- 

keV Ar' ion beam. 

Figure 3 TEM micrograph in the transverse direction of a TiN-MoS, composite coating. 

A selected-area electron-diffraction pattern of the same area is also shown as an 

inset. 

Figure 4 Room temperature friction curves of an uncoated Ti-6Al-4V alloy substrate, TN- 

rich coatings, MoS,-rich coatings, and pure MoS, coatings. 

Figure 5 Elevated temperature friction curves of MoS,-rich coatings. Specimen #7 was 

tested at room temperature, 573 K, and 973 K, respectively. Specimen #5 was 

tested at room temperature and 673 K. 



13 

Acknowledgements 

This research was sponsored by the Division of Advanced Energy Projects, U.S. Department 

of Energy, under contract DE-AC05-840R21400 with Martin Marietta Energy System, Tnc. 

and also in part by the appointment of one of the authors (YWB) to the Oak Ridge National 

Laboratory Postdoctoral Research Associates Program administered jointly by the Oak Ridge 

National Laboratory and the Oak Ridge Institute for Science and Education. 



* 

* 

20 30 40 50 
2 THETA (desree)  

60 70 



ORNL-DWG 94-io702 

I I I I I I I 1 I 

I I I I I  
0 4 0 0  200 300 400 500 600 700 800 900 t o 0 0  

KINETIC ENERGY (eV) 



I T + ~ N  I 

-? 
Y 



1.2 

1 :o 

7 0.8 
w 
0 
G 
G w 

- 

0 0.6 
0 

7 
0 
I- o 
E 0.4 
G 

0.2 ; 

0.0 
0 

I I I 1 I t 1 I I 

0 TiN-rich 

Ti-6AI-4V 

v MoS,(l) 

MoS2(2) 

o MoS,-rich(#5) 

= MoS2-rich(#9) 

A MoSZ-rich(#8) 

A MoS2-rich(#8) 

A 
0 -  

. 0 *  

0 .  

0 

0 -  

0 

0 -  

. *W 

I 1 I 1 I I I I I 

10 20 30 40 50 60 

TIME (min) 
70 80 90 100 



1 .o 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0.0 

1 1 I I I 1 I I 

o specimen # 5  
e specimen #7 

room temp. and 573 K 

I 1 I I I I t I 

0 2 4 6 8 10 12 14 16 

TIME ( M I N )  


