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Abstract 

 

AISI D3 tool steel was ion implanted with zirconium and the improvement in surface 

tribological properties investigated.  The Zr ion implantation was done using a metal vapor 

vacuum arc broad-beam ion source, with a mean ion energy of 130 keV and at doses of 3.6 x 

1016, 5 x 1016 and 1 x 1017 ions/cm2.  Wear, friction and hardness of the implanted samples 

were measured and compared to the performance of unimplanted steel.  The wear resistance 

was increased by about a factor of two, the friction remained about the same or was possibly 

increased by a small amount, and the hardness was improved by a factor of five or more by 

the ion implantation.  We also investigated the effect on the Zr implantation profile of the 

multi-component energy distribution of the ion beam used here.   
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1. Introduction 

 

Ion implantation is an effective method for improving the surface physical and mechanical 

properties of materials, such as wear, hardness and corrosion resistance [1-4].  While initially 

developed for doping semiconductor devices, the use of ion implantation has experienced a 

substantial increase in recent years as a tool for the surface modification of metals, ceramics 

and other engineering materials.  In particular, improvement in the surface properties of hard 

tool steel by ion implantation has been investigated by a number of workers [5-8].  The 

Mevva (metal vapor vacuum arc) ion source has evolved to be a relatively simple and low-

cost surface modification tool [9-14], and has been developed by a growing number of 

research groups around the world for carrying out metal ion implantation into a range of 

materials [1,15-17].  We describe here some observations we have made of the changes in 

surface wear, friction and hardness of AISI D3 tool steel subsequent to implantation with Zr 

ions using a Mevva ion implantation facility.  We report our measurements and discuss the 

results in light of the current literature.  

 

 

2. Experimental 

 

Small coupons of AISI D3 tool steel (2 – 2.35% C; 0.6% Mn; 0.6% Si; 11 – 13.5% Cr; 0.3% 

Ni; 1% W; 1% V) were prepared to a mirror finish using a succession of SiC grinding papers 

followed by polishing in a diamond slurry down to 1 μm particle size.  The samples were 

cleaned in an ultrasonic bath with acetone and ethanol.  Ion implantation was performed using 

a broad-beam vacuum arc ion source that formed a Zr ion beam of pulse length of 250 µs at a 

repetition rate of several pulses per second.  Beam extraction voltage was 50 kV, 

corresponding to a mean ion energy of about 130 keV since the mean charge state for Zr ion 

is 2.6 for the vacuum arc plasma [11,18].  Beam current was about 200 mA as measured by a 
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radially-moveable, 5-cm diameter, magnetically suppressed, Faraday cup located 65 cm 

downstream from the source; this corresponds to a current density of about 20 mA/cm2 during 

the pulse-on time and to a time-averaged ion beam current density of ~5 µA/cm2.  The steel 

coupons to be implanted were introduced into the beam path on a water-cooled target holder 

located adjacent to the Faraday cup.  Background gas pressure in the implantation chamber 

was kept below about 2 x 10-6 Torr.  Details of the ion source operation and the implantation 

set-up have been described elsewhere [11,12].   

 

 The implantation dose incident upon the target is estimated from the known beam current 

and the number of beam pulses that are accumulated in an implantation run.  Because of a 

number of factors, particularly that the radial distribution of ion beam current density is not 

flat, this estimate of applied dose is accurate only to within a factor of two.  The actual 

retained dose and the depth distribution of the implanted species is determined by Rutherford 

backscattering spectroscopy (RBS) of the implanted samples using 2 MeV He+ ions. 

 

Wear measurements were performed using a pin-on-disc tribometer (CSEM) with an 

Al2O3 ball (6 mm diameter) under dry conditions using a load of 1 N and a constant speed of  

0.02 ms-1.  A total of 1000 turns were made before each test was discontinued.  The 

temperature of the substrate during the wear tests was 22 oC.  Coefficient of friction was 

recorded during the wear testing using the same equipment.  The profiles of the wear tracks 

were characterized with a profilometer (Mahr Pertometer PRK) after the end of each test.  

Microhardness was measured using a CSEM nanohardness tester with a Vickers indenter and 

normal loading from 5 to 300 mN.  This corresponds to determining microhardness at several 

different depths.  
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3. Results and Discussion 

 

The RBS-derived depth profiles for samples implanted at three different doses are shown in 

Figure 1(a); the retained Zr doses are 3.6 x 1016, 5 x 1016 and 1 x 1017 ions/cm2.  The 

maximum in Zr concentration for all three doses lies 2.3 x 1017 atoms cm-2 below the surface, 

or approximately 300 Å.  We have also calculated the expected implantation depth profiles 

using the dynamic TRIM (T-dyn) Monte-Carlo computer code [19-22].  In this calculation the 

experimentally measured Zr ion charge state distribution 11,18] was used, with the particle 

current fractions for Zr2+,Zr3+, and Zr4+ being 47%, 45%, and 8% (mean charge state 2.6).  

This corresponds to an ion beam with energy components at 100 keV, 150 keV and 200 keV 

in the same proportions.  This broad energy distribution leads to a broader implantation depth 

profile than would be the case for a single ion energy.   The result of the simulation for a dose 

of 3.6 x 1016 cm-2 is shown in Figure 1(b) and can be compared to the experimentally 

measured profile shown in Figure 1(a) (top figure).  The calculated and the measured profiles 

agree within the accuracy of the measurements.   

 

The microstructure of the AISI D3 steel coupon that had been implanted to the highest 

dose was characterized using scanning electron microscopy with ESCA.  An SEM image with 

elemental profiles is shown in Figure 2.  It can be seen that the sample consists primarily of a 

chromium carbide phase dispersed in a carbon-containing iron-rich phase, and the Zr appears 

to be uniformly distrbuted across the different phases.   

 

We measured the hardness of the implanted samples and of an unimplanted sample.  

Since the dimension of the dispersed phase is greater than the indenter impression used to 

determine the hardness, random selection of the indenter position for hardness measurements 

would lead to a large scatter in the results.  We therefore chose to perform the indentations 

only on regions showing a carbidic phase.  Hardness was then determined for different 
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applied loads, corresponding to different indentation depths.  The results are shown in Figure 

3, where the Vickers Hardness (HV) is plotted as a function of the applied load in mN.  These 

results can be comnpared to typical Vickers Hardness values for chromium carbides that are 

in the range 1200 to 1800 [23] depending on the composition and on the structure.  The 

increase in hardness for very low applied loads, as seen in Figure 3, can be associated with a 

hardening efect resulting from the Zr implantation.  When larger loads are used, the probed 

region is larger and the contribution from depths greater than the implanted range becomes 

significant.  The measurements taken with the smallest load are the closest to the actual 

surface hardness.  Finally we note that the results show no significant dependence of the 

hardness on the implantation dose, for the range of doses investigated here.  Ion implantation 

can promote hardening by three mechanisms: defect generation, solution hardening and 

precipitate hardening.  We have used X-ray diffraction in glancing angle mode to look for the 

presence of precipitates, but no evidence of precipitation was found even for the largest 

implantation dose.  In general, there is a direct correlation between solution hardening and 

defect concentration with dose, up to a maximum dose that leads to precipitation. 

 

Results of wear test measurements of the implanted samples and an unimplanted sample 

are shown in Figure 4.  The wear of the implanted material is about a factor of two less than 

the unimplanted material.  The wear decreases with increasing implantation dose up to 5 x 

1016 cm-2, and then increases as the dose is increased to 1 x 1017 cm-2. 

 

The coefficient of friction was monitored during the ball-on-disc tests of the implanted 

and unimplanted samples, and was observed to remain approximately constant throughout the 

test duration.  For the unimplanted material the coefficient of friction was 0.75, and for the 

three implanted samples, in order of increasing dose, 0.77, 0.84 and 0.76.  We conclude that 

the friction coefficients for all samples are the same at about 0.80 ± 0.05, within the 
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significance of the measurements.  Note however, the sample with the highest measured 

friction coefficient was also the hardest, and showed the lowest wear. 

 

 

5. Conclusions 

 

We have investigated some of the tribological characteristics of Zr-implanted AISI D3 tool 

steel and compared with unimplanted steel.  The wear resistance was increased by about a 

factor of two, the friction remained about the same, and the hardness (measured for the 

chromium carbide phase only, and not from the matrix) was improved by a factor of five or 

more by the ion implantation.  
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Figure Captions 
 
 
 
Fig. 1  (a)  Zr depth profiles measured by RBS, for three doses as indicated; 
 
 (b)  Zr depth profile calculated using T-Dyn, for a dose of 3.6 x 1016 cm-2. 
 
 
Fig. 2  SEM microprobe analysis showing microstructure and composition. 
 
 
Fig. 3   Hardness as a function of applied load 
 
 
Fig. 4  Wear for implanted and unimplanted samples. 
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Figure 1(b) 
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