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Microhardness results and the occurrence of radiation defects at a greater depth than the predicted implanted
ion range indicate the presence of the so-called long-range effect. An attempt is made to determine the thickness
of a layer with modified tribological properties by measuring friction and wear factors. Tribological tests are
performed on the pin-on-disc stand. The real thickness of a layer with implantation-modified tribological properties
can be determined via tribological testing by measuring the wear trace depth when the friction factor and/or
wear of the implanted sample is close to that characteristic of an unimplanted sample. The predicted range of
the implanted ions is estimated by the SRIM and SATVAL programs. The presence of the long-range effect is
confirmed for the steel grades AISI 316L, H11, Raex 400, Hardox 450 as well as for the Stellite 6 and Ti6Al4V
alloys. The modified layer thickness determined by tribological testing is considerably greater (4.7 ÷ 16.7 times)
than the initial range of the implanted nitrogen ions. The observed depth of changes in the tribological properties
of the surface layer (due to the long-range effect) is consistent with the nanohardness results obtained for the steel
grades AISI 316 and H11. An analysis of the content of elements on the sample surface as well as in its wear
trace and wear products is performed by X-ray spectroscopy (EDS and WDXS). The results demonstrate that
one of the causes of the long-range effect is the diffusion of nitrogen and carbon atoms in the friction zone during
the tribological test.
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1. Introduction

Ion implantation changes physical, chemical, mechan-
ical, and tribological properties of a metal surface layer.
It is assumed that changes in the physical and chemi-
cal properties extend to a depth that is comparable to
the range of implanted ions. These changes result from
the effect of implanted ions and defects produced dur-
ing implantation. However, the surface layer microhard-
ness results demonstrate that the thickness of a layer
with the increased microhardness can be greater, even to
a large extent, than the range of the implanted ions. This
phenomenon is known as the long-range effect [1]. Until
recently this effect could only be confirmed by microhard-
ness measurements. Although this effect was reported by
Sharkeev et al. [2 – 4], its presence was undermined
due to the difficulty with determining implantation-
modified layer thickness via microhardness testing. This
is due to the fact that an indenter of specific geome-
try (e.g. pyramid-shaped), having produced an indenta-
tion in a high-strength modified layer, is side-supported
by this layer. As a result, the obtained thickness con-
tains an error. It is assumed that the depth of indenta-
tion should not exceed 1/10 thickness of the layer being
measured [5]. Despite this assumption, the authors of
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the above-mentioned papers [2 , 3] used the Vickers in-
denter in the shape of a square-based pyramid. They
made an indentation of 1 ÷ 5 µm under the load set
equal to 15 ÷ 20 g, in this way exceeding the implanted
layer thickness several times. The authors of the present
study attempt to determine the thickness of an implanted
layer with modified tribological properties by measuring
the friction factor and wear. This effect is explained in
an interesting way. Sharkeev assumed that the long-
range effect is caused by two factors: one, the shift
of implantation-produced radiation defects to the inside
of the sample, and, two, the defects which occur while
the indenter is being driven into the sample [4]. In
the light of the above, it seems necessary to investigate
whether the afore-mentioned factors are the only cause
of the long-range effect.

2. Experimental details and discussion

The friction factor and wear were measured under tech-
nically dry friction conditions. The tribological test was
performed on a pin-on-disc stand with a Nano Tribometer
(NTR2) manufactured by Anton Paar as well as on a test
stand designed by one of the authors of this study [6].
The real thickness of the layer with tribological prop-
erties modified by ion implantation can be determined
via tribological testing, by measuring the wear trace
depth when the friction factor of the implanted sample is
close to the value that is typical of unimplanted samples.
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Fig. 1. Variations in the friction coefficient of Ti6Al4V
samples implanted with nitrogen ions with an energy of
120 keV.

Variations in the friction factor occurring after the wear
of the modified layer are clearly visible in the Ti6Al4V
alloy sample (Fig. 1).

Following the nitrogen implantation, the friction fac-
tor of Ti6Al4V alloy decreases. The wear trace depth,
which describes the moment when the friction factor of
the implanted samples is equal to the friction factor of
the unimplanted sample, can be used to determine thick-
ness of the modified layer. The depth of the wear traces
after tribological testing was determined based on their
profilograms. Fig. 2 shows the profilograms of the wear
traces obtained for the Ti6Al4V alloy sample. After 9550
measurement cycles, the friction factor of the implanted
sample with a fluence of 1 × 1018 N+/cm2 is equal to
the friction factor of the unimplanted sample. This result
indicates the wear of the modified layer. The wear trace
depth is 3.0(1) µm. The long-rage effect in the Ti6Al4V
alloy sample implanted with nitrogen ions with an en-
ergy of 120 keV and a fluence of 5 × 1017 N+/cm2 ex-
tends to a depth of 2.9(1) µm. This method was first
employed to investigate two steel grades: AISI 316L [7]
and AISI H11 [8].

The presence of the long-range effect in tribological
testing was confirmed for a series of metals and alloys.
Table I lists the parameters describing the long-range

effect in the tested materials. The predicted range of
the implanted ions RSRIM [µ m] was determined with
the use of the SRIM program [9]. The thickness of
the modified layer Rµ [µm] determined by tribological
test is much greater — it is 4.7÷ 16.7 times greater than
the initial range of the implanted nitrogen ions. The
thickness of the modified layer determined by tribological
testing is consistent with that obtained in the nanohard-
ness tests for steels AISI 316 [7] and H11 [8]. The re-
sults demonstrate that the modified layer thickness
increases with increase in the fluence of implanted
nitrogen ions.

The next step was to find the causes of the decreased
friction factor and wear, as well as to explain why
the microhardness increased at the depth that is even
several times greater than the initial range of the im-
planted ions. An analysis of the elements contents on
the sample surface as well as in its wear trace and
wear products was performed by energy dispersive X-ray
spectroscopy (EDS).

Fig. 2. Profilograms of the wear trace of the Ti6Al4V
6 alloy sample implanted with nitrogen ions with an
energy of 120 keV and a fluence of 1 × 1018 N+/cm2

after 9550 cycles.

TABLE IParameters describing the long-range effect of nitrogen atoms in the materials under study.

Sample, Eimpl [keV] Fluence [ions/cm2] RSRIM [µ m] Rµ [µ m] RHV [µ m] k = Rµ/RSRIM Ref.

Ti6Al4V, 120 keV
2× 1017 N+

0.42
2.1(1) 5.0

this study5× 1017 N+ 2.9(1) 6.9
1× 1018 N+ 3.0(1) 7.1

AISI H11, 120 keV 1× 1017 N+ 0.24 4.0(1) 4.2(2) 16.7 [8]
Raex 400, 65 keV 1× 1017 N+ 0.17 2.3(1) 13.5 [10]
Hardox 450, 65 keV 1× 1017 N+ 0.17 2.1(1) 12.4 [10]

Stellite, 65 keV
1× 1016 N+

0.16
1.0(1) 6.3

[11]5× 1016 N+ 1.3(1) 8.1
1× 1017 N+ 2.0(1) 12.5
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The high oxygen content in the wear products points
to the dominance of oxidizing wear in the Hardox steel
samples after nitrogen implantation. Based on Fig. 3,
it can be observed that nitrogen and carbon diffuse to-
ward the friction zone. The diffusion of carbon atoms is
first recorded here.

Fig. 3. SEM image of the surface of nitrogen-ion im-
planted Hardox steel and the scanline of element con-
tents: carbon, nitrogen, oxygen [10].

The lack of difference between the nitrogen content in-
side the wear trace and that on the sample surface means
that the nitrogen content regenerates in the surface layer
of the wear trace during the friction process. The shift of
the nitrogen atoms to the inside of the sample is caused
by accelerated diffusion due to a local temperature in-
crease during friction and the occurrence of radiation de-
fects during implantation. The diffusion of nitrogen was
first observed by Jagielski et al. [12] during the tribologi-
cal tests of commercial steel (1.4C–1.5Cr–0.6Mn–0.25Si)
by the nuclear reaction method.

Since the presence of the long-range effect was con-
firmed by the tribological test and nanohardness mea-
surements alike, it is now time to explain the causes of
this effect. One of these causes is the shift of radiation
defects to the inside of the sample, as observed by Shar-
keev et al. [4, 13]. These authors claim that the stresses
generated by the implanted ions are so high that they
lead to the shift of the radiation defects (diffusion)

to the inside of the sample, beyond the implanted area
where the stresses are lower. In addition, the diffused
radiation defects can be shifted to the inside of the ma-
terial due to the stresses generated either by the inden-
ter during nanohardness testing or by the countersample
load in the tribological test. Variations in the stresses
generated by the indenter and the countersample can
lead to variations in the dislocation range. It can be ob-
served that in tribological testing after the implantation
with a fluence of 1× 1018 N+/cm2 and a countersample
load of 0.49 N, the friction factor decreases at a depth of
3.0(1) µm–Fig. 1. On increasing the load to 0.59 N and
0.79 N, the long-range effect extends to 3.2(1) µm and
3.5(1) µm, respectively. The modified layer thickness de-
termined by nanohardness testing is usually higher than
that obtained in tribological tests. Nevertheless, micro-
hardness results can contain system errors [5].

As shown by this study, one of the factors leading to
the long-range effect is the migration of nitrogen and car-
bon ions in the friction area during the tribological test.

Since the migration of carbon atoms was confirmed by
the tribological results, we can now attempt to determine
their range in the sample implanted by ion beam assisted
deposition (IBAD), as it was done in the case of nitro-
gen atoms. Measurements of friction factor for Ti6Al4V
alloy implanted with carbon by IBAD using a beam
of nitrogen ions with an energy of 120 keV was per-
formed in [14]. The two-step increase in the friction
factor, visible in Fig. 6, results from the long-range ef-
fect of the implanted nitrogen ions and the recoiling im-
plantation of carbon atoms. The first, very sharp in-
crease is caused by the wear of the carbon-containing
layer. The theoretical range of the carbon atoms im-
planted by IBAD was determined using the SATVAL
program [15]. By measuring the wear trace depth of
the carbon-containing layer it was possible to determine
the depth of the long-range effect and compile Table II
for nitrogen atoms in the way it was done in Table I.
The other much slower increase in the friction factor
is caused by the wear of the layer modified by nitrogen
atoms. In terms of accuracy, the measured thickness of
the layer modified by nitrogen atoms agrees with the data
obtained based on Fig. 1.

The results demonstrate that the thickness of the layer
with lower friction and wear factors determined in the tri-
bological test is considerably higher than the initial range

TABLE II

Parameters describing the surface layer of the Ti6Al4V
alloy sample modified by IBAD carbon atoms
(k = Rµ/RSATVAL).

Energy
of nitrogen
ions [keV]

Fluence
[ions/cm2]

RSATVAL

[µm]
Rµ

[µm]
k

120
2× 1017 N+ + C 0.16 0.3(1)

1.95× 1017 N+ + C 1.4 (1) 8.8
1× 1018 N+ + C 2.1(1) 13.1
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of the implanted ions (atoms). Apart from the migra-
tion of radiation defects into the sample, one can observe
diffusion of the implanted ions of nitrogen and carbon,
the latter being an alloying component of the tested steel.
The shift of the nitrogen and carbon atoms occurs due
to the accelerated radiation diffusion and diffusion coef-
ficient increase caused by a local temperature increase
in the friction node during the tribological test. The
modified layer thickness depends on the wear and/or load
applied to the sample.

3. Conclusions

The results of this study demonstrate that the thick-
ness of the layer with the modified friction and wear
factors determined in the tribological test is consider-
ably higher than the initial range of the implanted ions
(atoms).

Apart from the migration of radiation defects into
the sample, one can observe diffusion of the implanted
nitrogen and carbon ions. The shift of nitrogen and car-
bon atoms occurs due to the accelerated radiation diffu-
sion and increased diffusion coefficient caused by a local
temperature increase in the friction node during the tri-
bological test.

It has been found that the modified layer thickness
depends on the wear and/or load applied to the sample.
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