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A Study of Nitrogen Ion-Implanted Ti-6AI-4V ELI by 
Plasma Source Ion Implantation at High Temperature 

A. Chen, J. Blanchard, S.H. klan, J.R. Conrad, R.A. Dodd, P. Fetherston, and F.J. Worzala 

Plasma source ion implantation target temperatures are estimated by measuring the diffusion coefficient 
of nitrogen in the target and subsequently deducing the temperature. The diffusion coefficient is meas- 
ured by comparing measured nitrogen concentration profiles to Monte Carlo simulations. Auger results 
indicated the affected zone of implantation is about 0.5 pm thick. Surface Knoop hardness improved from 
400 to 900 (for 1-g applied load). Wear behavior was studied using a pin-on-disk wear tester. The wear 
data show a factor of 30 increase in wear lifetime (1 pm wear depth was chosen as the failure criterion). 
Comparison shows that the wear behavior of Ti-6AI-4V ELI (extra low interstitial) is as good as that of 
cobalt-chromium alloy, another candidate for surgical applications. 

1. Introduction 

ION implantation has been shown to be an effective process for 
improving the wear, corrosion, and fatigue properties of met- 
als, and a new approach called plasma source ion implantation 
(PSII)[1-5] shows promise for wide industrial application. One 
application of this surface-modification technique is the im- 
plantation of Ti-6A1-4V with nitrogen to increase the wear re- 
sistance of  artificial hip and knee joints. Previous work has 
concentrated on room-temperature PSII, and encouraging re- 
suits have been achieved. [6,7] However, considering that the 
implantation-affected zone of room-temperature PSII is very 
shallow (less than 2000 ,~), its utility for components requiring 
long lifetimes is a concern. In response to this concern, high- 
temperature PSII was developed to obtain a thicker implanted 
zone so that the wear properties may be improved. 

2. Experimental Procedure 

Ti-6A1-4V ELI fiat specimens were cut to 25-mm square, 3 
mm in thickness from 150-mm bar stock and prepared for im- 
plantation by mechanically grinding and polishing to 0.06 pm 
(from peak to valley). The original microstructure was ct + in- 
tergranular [] resulting from simple mill annealing. 

The implantation was done at 50 keV to a retained dose of 6 
x 1017 atoms/cm 2. The base pressure was 2 x 10-6 torr, and the 
operating neutral pressure was 3.5 x 10 -4 torr. The average 
power density was 3 W/cm 2 including secondary electron 
emission (the true power density is lower than this value), 
which is about ten times higher than that of  room-temperature 
PSII. 

Wear tests of cobalt-chromium alloy specimens and the un- 
implanted and implanted Ti-6AI-4V EL1 specimens were con- 
ducted under identical conditions using a pin-on-disk wear 
tester with a 3-mm diameter ruby ball and using Hanks'  solu- 
tion (a human body electrolyte salt simulation) as lubricant. 
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The rotational speed of  the disc was 40 rev/min, giving a linear 
speed (ball relative to the disc) of 25.1 mm/s for a wear track 
with a diameter of  12 mm. The applied load is 10 g, giving a 
Hertzian stress of  (Ymax = 458 MPa, which is about 37 times 
higher than the contact stress t~ = 12.4 MPa, recommended by 
ASTM lSl and less than half of the yield stress for Ti-6A1-4V 
EL1. The wear test was stopped occasionally to measure the 
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Fig. 1 Typical wear track profiles. (a) Cobalt-chromium alloy. 
(b) High-temperature PSII-treated Ti-6AI-4V ELI. (c) Untreated 
Ti-6A1-4V ELI. 
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Fig. 3 Nitrogen concentration profiles. 

wear track, using an Alpha-step profilometer. A typical series of 
wear track profiles is shown in Fig. 1. 

3. Theory 

Direct measurement of a PSII target temperature is quite 
difficult, due to the presence of high voltage bias on the 
target. Therefore, specimen temperatures are estimated in 
this study by comparing measured implantation profiles to 
computer simulations of  the profile, taking advantage of diffu- 
sional effects to predict the specimen temperature. Because 
there is a temperature gradient in the specimen, the con- 
cept of  equivalent temperature was used for simplification. At 
this equivalent temperature, diffusion alters the implantation 
profile from the classical gaussian. Thus, one can compare 
simulations of implantation without diffusion to measured pro- 
files with diffusion to estimate the diffusion coefficient. Know- 
ing the temperature dependence of the diffusion coefficient, the 
equivalent temperature can be deduced from the value for the 
diffusion coefficient. The concept is shown schematically in 
Fig. 2, and the calculation process is as follows: 
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Fig. 4 Microhardness variation with applied load. 

1. Run a simulation (the Monte Carlo Code TAMIX) [91 at room 
temperature (without diffusion) to obtain the nitrogen concentra- 
tion profile 

2. Use the basic diffusion theory to estimate the true diffusion coef- 
ficient from the measured implantation profile (solid curve in 
Fig. 3) and simulation profile (dotted curve in Fig. 3), according 
to the following relation: 

D = (o2 _ og)/2t  [1] 

where D is the diffusion coefficient, ~0 represents the half-width- 
at-half-maximum of the simulated profile without diffusion, t~l 
represents the half-width-at-half-maximum of the measured 
profile with diffusion, and t represents the diffusion time. 

3. Calculate the equivalent temperature using the temperature de- 
pendence of the diffusion coefficient, according to: 

D = D O exp (-Q/kTeq) [2] 

where Do represents the frequency factor, Q is the activation en- 
ergy for diffusion, and Teq is the equivalent temperature. For this 
study the constants were chosen to be: [l~ 

D O = 0.21 cm2/s [3] 

Q = 2.32 eV [4] 

and the specimen temperature was estimated to be about 600 ~ 
In this study, the Monte Carlo Code TAMIX was used for the 
room-temperature simulation. 

4. Results and Discussion 

Using the scanning auger microscope (SAM), the nitrogen 
concentration profile of the implanted specimen is shown in 
Fig. 3. The implantation-affected zone is approximately 5000 
/~, with a peak nitrogen concentration of about 40 at%. The sur- 
face Knoop hardness was measured for both implanted and un- 
implanted cases using a microhardness indenter and is 
summarized in Fig. 4. As the applied load increases, the hard- 
ness decreases, and after PSII treatment, the hardness increases 
more than two times for a 1-g load. No difference was found in 
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Fig. 5 Pin-on-disk wear depth versus number of turns for Ti- 
6A1-4V ELI. 

bulk hardness between implanted and unimplanted cases (HR is 
about 31). 

Wear data are shown in Fig. 5 for both untreated and PSH- 
treated Ti-6AI-4V ELI specimens. It is clear that, even after the 
wear track depth exceeds the implantation-affected depth 
(about 1 ktm), wear resistance is still improved compared to the 
untreated case. If 1 Ixm of wear track depth is chosen as a failure 
criterion, the wear lifetime is increased by a factor of 30 after 
PSII treatment. Because the release of wear debris is a major 
concern to clinical applications,Ill- 14] the cross-sectional area 
of a wear track, which is related to the wear mass loss, is com- 
pared in Fig. 6 to results for another candidate cobalt-chro- 
mium alloy, which is considered superior for wear. It can be 
seen clearly from this figure that high-temperature PSII-treated 
Ti-6A1-4V ELI exhibits wear resistance comparable to the co- 
bait-chromium alloy. 

5. Summary 

The target temperature during nitrogen plasma source ion 
implantation on Ti-6A1-4V ELI is estimated by comparing 
measured nitrogen concentration profiles to Monte Carlo simu- 
lations. The high-temperature nitrogen PSII treatment can in- 
crease the thickness of the implantation-affected zone from 
2000,h, to approximately 5000/~ on Ti-6AI-4V ELI. After high- 
temperature nitrogen PSH treatment, the wear behavior of Ti- 
6A1-4V ELI is as good as the cobalt-chromium alloy. 
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Fig. 6 Comparison of wear mass loss between Ti-6A1-4V ELI 
and cobalt-chromium alloy. 

Health, as well as UMSI research proposal grant No. MG 
32804. 

References 

1. J.R. Conrad, J. Appl. Phys., Vo162, 1987, p 777. 
2. J.R. Conrad, J.L. Radtke, R.A. Dodd, and F.J. Worzala, J. Appl. 

Phys., Vo162, 1987, p 4591. 
3. J.R. Conrad, R.A. Dodd, F.J. Worzala, and X. Qiu, Sur. Coat. 

Technol., Vol 36, 1988, p 927. 
4. J.R. Conrad, S. Baumann, R. Fleming, and G.P. Meeker, J. Appl. 

Phys., Vol 65, 1989, p 1707. 
5. X. Qiu, J.R. Conrad, R.A. Dodd, and EJ. Worzala, "Plasma 

Source Nitrogen Ion Implantation of Ti-6A1-4V," Conf. Proc. 
1988 AIME fall meeting, Sep 1988. 

6. A. Chen, X. Qiu, J.R. Conrad, R.A. Dodd, F.J. Worzala, and J. 
B lanchard, J. Mater. Eng., Vol 12, 1990, p 299. 

7. X. Qiu, A. Chen, J.R. Conrad, R.A. Dodd, and F.J. Worzala, 
"Wear-Corrosion Behavior of Nitrogen-Implanted Ti-6AI-4V," 
ASM Conference on Wear-Corrosion Interactions in Liquid Me- 
dia, Indianapolis, Oct 2-5, 1989. 

8. "Standard Practice for Reciprocating Pin-On-Flat Evaluation of 
Friction and Wear Properties of Polymeric Materials for Use in 
Total Joint Prostheses," ASTM F732-82 1982. 

9. S.H. Han, G.L. Kulcinski, and J.R. Conrad, J. Nucl. Inst. Meth. 
Phys. Res., Vol B45, 1990, p 701. 

10. A. Anttila, J. Raisanen, and J. Keinonen, J. Appl. Phys., Vol 42, 
1983, p 495. 

11. J. Black, H. Sherk, J. Bonnini, W.R. Rostoker, F. Schajowicz, and 
J.O. Galante J. Bone Joint Surg., Vo172-A, 1990, p 126. 

12. J.L. Woodman, J. Black, and D.M. Nunamaker, J. Biomed. Mater 
Res., Vo117, 1983, p 655. 

13. J.L. Woodman, J.J. Jacobs, J.O. Galante, and R.M. Urban, J. Or- 
thop. Res., Vol 1, 1984, p 421. 

14. J.A. Davison, P. Kovacs, and W.L. Lanzer, Trans. Orthop. Res. 
Soc., Vo136, 1990, p 460. 

Journal of Materials Engineering and Performance Volume 1(6) December 1992----847 


