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INTRODUCTION 

Active research programs are being conducted in refractory coatings on bore surfaces by 
electrochemical deposition in aqueous solutions and molten salt baths and by physical vapor 
deposition through sputtering and evaporation processes. Objectives of the coating projects are 
(1) to identify and develop refractory metals, alloys, and ceramics of superior physical and 
chemical properties; (2) to optimize deposition process parameters to obtain strong adhesion, low 
stress, and uniform deposits; and (3) to characterize coating processes by nondestructive 
evaluation techniques. Coating the bore surfaces with refractory materials greatly improves the 
wear life of pressure vessel systems. In the development of electromagnetic propulsion, 
electrothermal propulsion, and liquid propulsion technologies, advanced bore coating materials 
must possess desirable thermal and electrical properties and have low reactivity to the plasma 
environment. As shown in Figure 1, sputtering deposition of tantalum carbide and tantalum 
nitride was achieved in a triode sputtering chamber, where the plasma density was controlled by 
adjusting the electron emission from a hot tantalum filament (ref 1). 

The melting point temperatures of common refractory metals and alloys above 1000°C 
are given in Figure 2. Many of the metals and ceramic constituents of chromium, tantalum, 
molybdenum, tungsten, rhenium, etc. have been considered for advanced coating materials for 
future projectile launchers. Tough ceramics, such as tantalum carbide and tantalum nitride, are 
among the most promising. Due to the low atomic weight of carbon in heavy tantalum matrix, 
energy dispersive x-ray (EDX) microanalysis of specimens obtained at 0, 22, 33, and 50 percent 
methane concentrations in argon showed tantalum but no carbon peaks. Preliminary data on 
tantalum carbide sputtering deposition have been reported (refs 2,3). In this work, x-ray 
diffraction determined that body-centered-cubic (bcc) tantalum was deposited at methane 
concentrations below 20 percent, face-centered-cubic (fee) tantalum carbide was deposited at 
methane concentrations above 25 percent, and a mixture of tantalum and tantalum carbide was 
deposited at the transitional 22 percent methane concentration. For the 22 percent methane 
specimen, recent wavelength dispersive x-ray fluorescence (XRF) spectrometer analysis further 
demonstrated both tantalum and carbon contents in the specimen. Grain size in polycrystalline 
materials has pronounced effects on strength and hardness; increasing strength and hardness 
accompanies a decrease in grain size. The introduction of methane gas in argon plasma in the 
sputtering chamber caused the coating deposits to transform from tantalum to tantalum carbide. 
Tantalum/tantalum carbide deposits consisted of very fine particle sizes. Coating composition, 
crystalline structure, particle size, and preferred orientations were very sensitive to methane 
concentrations in argon in the sputtering deposition process. As methane concentrations 
increase, deposition rate decreases, Knoop hardness increases, and temperature coefficient of 
resistivity decreases. 



TANTALUM CARBIDE AND TANTALUM HYDRIDE PHASE DIAGRAMS 

Binary phase diagrams of tantalum carbide and tantalum hydride were compiled by 
Hansen in 1958 (ref 4), Shunk in 1969 (ref 5), and Massalski in 1986 (ref 6). They disclosed 
phase dependence on temperature and the atomic percent of the constituents. The tantalum- 
carbon phase diagram discloses tantalum, tantalum carbide, and Ta2C phases at temperatures 
above 1800°C, and the tantalum-hydrogen phase diagram is not well defined. Data base search 
for tantalum/tantalum carbide/tantalum hydride phases in the International Center for Data 
Diffraction (ICDD) (ref 7) results in two phases of tantalum: alpha-Ta (bcc), beta-Ta 
(tetragonal); two phases of tantalum carbides: TaC (fee), Ta2C (hexagonal), and intermediate 
phases with various degrees of nonstoichiometry-zeta-TaC0 47, metastable zeta-TaC0 6, and xi- 
C0 nTa (rhombohedral-hex); several phases of tantalum hydrides: beta-TaH (hexagonal), TajH 
(orthorhombie), and intermediate phases with various degrees of nonstoichiometry: TaHo 8 

(orthorhombic), TaH09 (orthorhombie). 

X-RAY SPECTROSCOPY ANALYSIS 

Our EDX microanalysis of sputtered specimens was not conclusive. Spectra obtained for 
sputtered deposits at 0, 22, 33, and 50 percent methane concentrations in argon plasma showed 
tantalum peak but no carbon peak. The atomic weight of carbon is 12.01 and the atomic weight 
of tantalum is 180.95. It is difficult to detect low Z materials in a heavy matrix. Our Tracor 
XRF analyzer can chemically analyze low Z-elements only down to sodium. The coating deposit 
obtained at 22 percent methane concentration is of particular interest because it represents a 
state of co-existence of tantalum and tantalum carbide. Wavelength dispersive fluorescence 
spectrometer measurements were made of the 22 percent methane and 78 percent argon deposit 
during our recent visits to Rigaku USA (Danvers, MA) and Philips Electronics (Mahwah, NJ). 
Strong carbon as well as tantalum peaks were observed at both sites. 

X-RAY DIFFRACTION ANALYSIS 

X-ray diffraction (XRD) analysis was first performed using a semi-quantitative Philips 
diffractometer and then with a recently procured Scintag diffractometer. The Philips 
diffractometer has an LiF crystal monochromator, Nal scintillation detector, and strip-chart 
recorder. Molybdenum radiation was used in the study. The four-axis Scintag diffractometer has 
a Peltier-cooled Si(Li) detector, multi-channel spectrum analyzer, and optimized divergent 
receiving and scattering slits. Both molybdenum and copper radiations were used in the study. 

In Figure 3, Philips diffractometer patterns of sputtering deposits obtained at 0, 22, and 
25 percent methane concentrations in argon are displayed along with diffraction scans of 
tantalum and tantalum carbide powders obtained from Semi-Elements Inc. (Saxonburg, PA). A 
sieve with an opening of 0.074 mm (0.0029 inch) was used to prepare tantalum and tantalum 
carbide powders. The tantalum powder pattern is attributed to alpha-tantalum, and the tantalum 
carbide powder pattern is attributed to tantalum carbide. A comparison of the deposit pattern 
obtained at 0 percent methane in argon (thickness 23.24 microns on a 0.05-mm aluminum foil 
substrate) with the tantalum powder diffraction pattern discloses predominantly alpha-tantalum 



in the sputtered sample. The pattern obtained at 22 percent methane in argon (thickness 22.73 
microns on a 3-mm aluminum oxide substrate) is difficult to interpret because of the very broad 
and diffused diffraction peaks. The pattern indicates possible coexistence of tantalum and 
tantalum carbide. A comparison of the deposit pattern obtained at 25 percent methane in argon 
(thickness 4.8 microns on a 3-mm aluminum oxide) with the tantalum carbide powder diffraction 
pattern discloses a predominately tantalum carbide phase. 

In Figure 4, a Philips diffraction pattern for a sputtered sample obtained at 50 percent 
methane and 50 percent argon (thickness 1.73 microns on 3-mm aluminum oxide substrate) is 
displayed along with scans for tantalum carbide powder and aluminum oxide substrate. The 
pattern is characterized by very broad tantalum carbide peaks superimposed on sharp diffraction 
peaks from the aluminum oxide substrate through tantalum carbide layers. When methane 
concentration in argon plasma varies from 0 to 50 percent, the deposition rate decreases from 2.5 
to 0.3 microns/hour. Because of the slow deposition rate at high methane concentration, it takes 
a long time to obtain thicker coatings. 

In Figure 5, Scintag diffraction patterns of tantalum target metal and sputtered specimen 
obtained at 0 percent methane are displayed along with tantalum powder scan and simulated 
pattern from ICDD diffraction data base. The patterns were background subtracted and K- 
alpha2 corrected; the simulated pattern included only K-alphal peak. The results are 
summarized as follows: 

1. The randomly oriented tantalum powder has diffraction peak intensities and peak 
locations in agreement with the simulated tantalum pattern. 

2. Tantalum target metal lines are from alpha tantalum, with major diffraction peaks 
shifted 0.2 degree towards lower two-theta compared to tantalum powder. 

3. Full width at half maximum (fwhm) of major peaks in tantalum powder range is 
from 0.03 to 0.07 degrees and for two-theta from 17 to 50 degrees; tantalum 
target metal peaks fwhm range from 0.10 to 0.20 degrees in similar two-theta 
range. 

4. Strong texture was observed with preferred <200>, <211>, and <411> 
crystalline orientations, and peak intensity diminished for the <110> orientation 
in the tantalum target metal. 

5. The 0-degree methane deposit tantalum pattern exhibits a 0.5-degree shift towards 
higher two-theta, broadened lines that range from 0.3 to 0.6 degrees in the same 
two-theta range. The 0-degree deposit was strongly textured with <211>, 
<222>, <321>, and <332> preferred orientations. 



In Figure 6, a Scintag diffraction pattern of sputtering deposit obtained at 25 percent 
methane concentration in argon is compared with diffraction scans of tantalum carbide powder 
and a simulated tantalum diffraction pattern. The results are summarized as follows: 

1. The diffraction pattern of fine tantalum carbide powder is consistent with the 
pattern for tantalum carbide. Diffraction peak intensities and peak locations 
indicate that tantalum carbide powder was randomly oriented with peak intensities 
and locations identical to tantalum carbide from ICDD data base. Tantalum 
carbide powder lines have fwhms of 0.03 to 0.06 degrees in the range of interest. 

2. The 25 percent methane deposit exhibits a 0.2 to 0.3-degree peak shift towards 
lower two-theta compared to the tantalum carbide pattern. 

3. The fwhms for the broadened diffraction peaks range from 0.6 to 0.8 degrees and 
for two-theta range from 15 to 30 degrees. 

4. In the 25 percent methane coating, enhanced <200> preferred crystallographic 
orientation was observed. 

In Figure 7, a Scintag diffraction pattern of sputtering deposit obtained at 22 percent 
methane concentration in argon is compared to simulated tantalum and tantalum carbide 
diffraction data base. The very broad and diffused peaks are difficult to interpret. Coexistence 
of tantalum and tantalum carbide is possible, as well as other carbide and hydride phases. The 
two strongest lines have fwhms of 0.75 and 0.95 degrees. 

Table 1 summarizes major diffraction peaks in tantalum target metal, sputtering 
deposition specimens obtained at 0, 22, and 25 percent methane concentrations, and tantalum 
and tantalum carbide powders. Diffraction line shift reflects residual stresses in the specimens, 
and diffraction peak broadening reflects a reduction in crystalline size by fault of certain hkl 
planes and by microstrains in the coherently diffracting domains (ref 8). In addition, carbon and 
hydrogen dissolution interstitially in the tantalum/tantalum carbide deposits can also cause shifts 
in the diffraction peaks. 

In the 0 percent deposition specimen, the peak shifts to smaller d-spacings. Tensile 
residual stresses may be present. Alpha tantalum (bcc) has a lattice parameter of 3.3058 
angstroms, and tantalum carbide (fee) has a lattice parameter of 4.4547 angstroms. In the 
deposit obtained at 25 percent methane concentration, the peak shifts to larger d-spacings, which 
may be due to the effect of carbon dissolved in tantalum/tantalum carbide or compressive 
residual stresses. In addition to internal residual stresses generated in the deposition process, 
thermal stresses should also be considered. Furthermore, the 0 percent deposit was made on 
aluminum foil substrate, while the 25 percent deposit was made on aluminum oxide substrate. 
The shifts can be caused by the differences in thermal expansion coefficients of tantalum metal 
compared to the aluminum substrate and tantalum carbide ceramic compared to the aluminum 
oxide substrate. 



For a diffraction peak around 17 degrees two-theta, the fwhm for the tantalum target was 
0.16 degrees. For deposition samples at 0, 22, and 25 percent the fwhms were 0.5,0.9, and 0.5 
degrees, respectively. The fwhms for tantalum and tantalum carbide powder samples were of the 
order of 0.03 degrees. Deconvolution techniques using both the Scherer method (ref 9) and 
Warren-Averbach method (ref 10) have been applied to determine the particle size in the 
deposits. The methods assumed both Gaussian and Cauchy diffraction peak profiles. The results 
suggest that small particles sizes were generated during the deposition process, and in particular, 
very small particles were produced in the 22 percent transition range. Average particle sizes of 
approximately 55 to 100 angstroms were observed in specimens obtained at 0, 22, and 25 percent 
methane concentrations. According to Klug and Alexander (ref 11), when diffraction lines are 
very broad and diffuse, crystalline size broadening is the major cause of peak broadening. At 
particle sizes much less than 100 angstroms, the back-reflection lines disappear, and the low 
angle lines become very wide and diffuse. Average particle sizes of approximately 55 to 100 
angstroms were observed in specimens obtained at 0, 22, and 25 percent methane concentrations. 

DEPOSITION RATE, THERMAL COEFFICIENT OF RESISTIVITY, AND 
HARDNESS 

Physical properties change due to changes in chemical composition and crystalline 
structure of the deposits. Figure 8 shows the deposition rate and temperature coefficient of 
resistivity (TCOR) of tantalum carbide as a function of mole fraction of methane in argon 
plasma. Over the range of 0 to 50 mole percent, the deposition rate varies between 2.0 and 0.3 
micrometer/hour. Note especially the transition in the range of 20 to 25 mole percent methane. 
As the mole fraction of methane increases, TCOR varies in the range of 1.7C_1*103 to O.OC'^10"3. 
Figure 9 shows the normalized resistivity of deposits of differing compositions versus 
temperature. It can be seen that as methane composition increases in argon plasma, the change 
in the resistivity decreases with temperature until the sign of the slope changes at 50 percent 
methane. Figure 10 shows the functional relationship between the hardness of the deposits as a 
function of the methane concentration. Note that the hardness increases as the mole fraction of 
methane increases. Figure 11 shows the dependence of deposition rate and TCOR on the bias 
voltage applied to the substrate. Note that the deposition rate falls off with increasing, or more 
negative, bias voltage, and the TCOR increases with increasing bias voltage. It is interesting to 
note that the deposition rate falls off with increasing bias voltage. The observation is consistent 
with the interpretation of an increasing sputtering effect at the substrate as the bias voltage 
increases. On the other hand, TCOR increases with increasing bias voltage. The observation 
may be rationalized by the hypothesis that the deposit is becoming more metallic, either by 
increasing purity of metal resulting from preferential ejection of the carbon or by the sputtering 
of the substrate. 



Table 1. Major X-Ray Diffraction Peaks in the Tantalum Target, Sputtering Deposition 
Specimens Obtained at 0, 22, and 25% Methane Concentrations and 
Tantalum Powder and Tantalum Carbide Powder Samples 

Sample Ident Two-Theta 
(deg) 

d-Space 
(angstrom) 

Relative 
Intensity 

fwhm 
(deg) 

hkl 

Ta target 24.5533 1.6679 26 0.19 Ta200 

30.2467 1.3593 100 0.14 Ta211 

53.9819 0.7814 25 0.10 Ta411 

63.2812 0.6761 16 0.10 Ta422 

0% methane 17.9943 2.2678 80 0.28 TallO 

30.9738 1.3282 100 0.47 Ta211 

43.9933 0.9469 92 0.53 Ta222 

47.7592 0.8761 26 0.60 Ta321 

60.7076 0.7018 29 0.59 Ta332 

22% methane 17.0604 2.3909 100 0.75 

29.9441 1.3728 9 0.95 

25% methane 15.6740 2.6006 99 0.57 TaC 111 

18.1642 2.2468 100 0.59 TaC 200 

25.7890 1.5893 38 0.80 TaC 220 

30.3966 1.3528 32 0.83 TaC 311 

Ta powder 17.4625 2.3363 100 0.03 TallO 

24.7859 1.6525 16 0.06 Ta200 

30.4813 1.3491 35 0.05 Ta211 

35.3300 1.1687 10 0.03 Ta220 

39.6631 1.0454 14 0.07 Ta310 

47.3372 0.8834 15 0.06 Ta321 

TaC powder 15.8675 2.5694 100 0.03 TaC 111 

18.4718 2.2161 73 0.08 TaC 200 

26.0900 1.5712 61 0.03 TaC 220 

30.6388 1.3424 60 0.06 TaC 311 



CONCLUSIONS 

In the investigation of tantalum/tantalum carbide sputtering deposition, tantalum was 
formed at low methane concentrations. At the threshold of 22 percent methane and 78 percent 
argon, there was an onset of tantalum carbide formation. As the methane concentration reached 
25 percent, the coating deposit was predominately tantalum carbide. Tantalum/tantalum carbide 
formation was found to be a sensitive function of methane concentrations, with steep transition 
at 22 percent methane concentration. Summarizing our investigation of tantalum/tantalum 
carbide sputtering deposition, as methane concentration in argon increases from 0, 22, 25, to 50 
percent, the following transitions occur in the coating deposits: 

1. Crystalline structure changes from bcc tantalum to fee tantalum carbide. 

2. Diffraction peaks change from broad, to very broad and diffused, to broad. 

3. Fine particle sizes of the order of 55 to 100 angstroms were observed. 

4. Strong deposition residual stresses, strong preferred orientations, and effect of 
solid solution were observed. 

5. The deposition rate decreases from 2.5 to 1 micron thickness per hour. 

6. Knoop hardness increases from 820 to 1500. 

7. Temperature coefficient of resistivity decreases from 1.7 to -0.1 (C_1*10"3). 

The successful deposition and characterization of tantalum and tantalum carbide demonstrates a 
new tough ceramic for future refractory coating applications. 
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Figure 1. Triode sputter deposition process of tantalum and tantalum compounds. 



4000 
ö 

O 

u 

Hfc —TaC 

* W 

3000 
Ta ThO, 

Re Mo 
-Os 

Nb 

I* MgO 

2 

ZrB 

Hf 

2000 

I 
Zr 
M 

BeO 

iCR   Pl    Tf 

- # STEEL 

AI203" 

NbC     I 
• , TIC I HfB 

ZrC*        I 
l   • 

SIC     WC 
••     l    WB 
#B4C| 

I 

T" 
I 

!• 
I 

ZrN 
I 
I 

CrB I 
t 

TaN 

BN 

TIN 
NbN 

Cr3C2 
I    Mo,B 
I 

METALS      OXIDES   CARBIDES   BORIDES   NITRIDES 
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10 



Figure 3. Diffraction patterns of sputtering deposits obtained at 0, 22, and 25 percent 
methane concentrations in argon plasma compared with patterns of tantalum 

and tantalum carbide powder specimens using a Philips diffractometer. 
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Figure 4. Diffraction scan of sputtering deposit obtained at 50 percent methane 
and 50 percent argon concentration compared to aluminum oxide 
substrate and tantalum carbide powder specimen. 
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Figure 5. Scintag diffractometer pattern of specimen obtained at 0 percent 
methane concentration as compared with scan of tantalum powder 
specimen and ICDD simulated diffraction pattern for tantalum. 
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Figure 6. Scintag diffractometer pattern of specimen obtained at 25 percent 
methane concentration as compared with scan of tantalum carbide powder 
specimen and ICDD simulated diffraction pattern for tantalum carbide. 

14 



FN: TANCJCPDS.NI 
DATE: 05/30/93 

ID: SAMPLE   1 
TIME: 15: OB PT: l. 

SCINTAG/USA 
00000                STEP: 0.03000                WL: 0.70930 

3PS                            4.069 
mno   n-i 1  

2.042             1 .370 
1 

i .037           0.B392           0.7093           0.6 ?83% 
-100 

- 90 

- BO 

- 70 

- 60 

- 50 

- 40 

900.0- 

800.0- 

700.0- 

600.0- 

500.0- 

400.0^ 

300.0- 

200.0- 

loo.o- 

n  n- 

22%  CH4 

Deposit 

O 
rH                       O 
--<                       O 
fO                 CM 
H               (0 

1   r 

rH 
i—1 
CM 
to 

1 
o 
(N 
CN 
10 

1 

•-,     Tantalum 
CM 

9 <2      ICDD  Data  Base 
t-H                                     (0             _ 
en        CM        9H       O 
10 CM                  o 
fH           CM                         "^ 

10        1             (0 

i r 1 ." 
i—i 

t-i 

o 
m 

E-i 

T
aC

2
0

0
 o 

CN 
CN 
U 
fO 

E-" 

■ 

i—1 
r-l 
m 
U   CM 
to CM 

EH   CN 

1,' 
o 
o 
o 
(0 
E* 

1 

Tantalum  Carbide 

£ °  S 2 ICDD Data Base 
en T    ^r in 
u u    o u 
to   tO      (0   (0 

E-"   EH     E"   E-> 

M    i   • 

- 30 

- 20 

- 10 

- 0 
0 30 

'    •    i    1    i    i    i    i    1    i    i 
-   20                  30 

1     1 i 1 i i i i i i i i i i t ~i—i—\ 
40                     50                     60                     7 

Figure 7. Scintag diffractometer pattern of specimen obtained at 22 percent 
methane concentration as compared with simulated diffraction 
patterns for tantalum and tantalum carbide. 
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Figure 8. Deposition rate and temperature coefficient of resistivity (TCOR) 
for tantalum sputtered in methane containing argon atmosphere. 
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Figure 9. Change in resistivity with temperatures of tantalum/tantalum carbide 
coatings sputtered by variation of methane in argon. 

17 



CO 
LLI 

Q 

D. 
O o 

1600 

1400 

1200 

1000 

800 

600 

400 

200 

0 

El            "-"^ 

^ -"""^             I 1 

0.1 0.2 0.3 0.4 

MOLE FRACTION OF METHANE IN ARGON 

0.5 

COATINGS SPUTTERED ON 
ALUMINUM OXIDE AVERAGE HARDNESS 
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sputtering in a methane-containing argon atmosphere. 
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