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1  Introduction 

NiTi has unique properties that could be very useful 
in surgical applications. Thermal shape memory, 
superelasticity and good damping properties make it 
possible for such alloys to behave differently 
compared to ordinary implant metals [1]. Because of 
the high nickel content of NiTi, it is theoretically 
possible that nickel may dissolve from the material 
due to corrosion and cause unfavorable effects. To 
stimulate ossteointegration, limit resorption and thus 
increase the implant lifetime, some designs use 
roughened bioactive coated surfaces [2]. Another 
form of implant coating is diamond-like carbon 
(DLC) films. DLC coatings can address the main 
biomechanical problems with the implants currently 
used, e.g. friction, corrosion and biocompatibility [3]. 
However, unfortunately DLC has a poor adhesive 
property to biomedical metals and alloys such as 
titanium and stainless steel. Many approaches have 
been conducted to increase the DLC adhesion 
strength in biomedical implants [4]. One of 
perspective method of increasing of the DLC 
adhesion strength is considered method of ion 
bombardment of the surface in high vacuum by ions 
with energy 102-105 eV [5]. 
Ion implantation of not metals ions (B, C, N and O) 
small sizes into metals and alloys leads to formation 
of phases of implementation: solid solutions and 
compounds of implementation (borides, carbides, 
nitrides, oxides). For example, implantation of 
nitrogen ions into the surface layer of alloys leads to 
the formation of nitride phases of titanium. Titanium 
nitride influences directly on plastic flow (than more 
concentration of embedded atoms, than higher stress 
of plastic flow). This effect leads to unimportant 
increase of microhardness and wear resistance of 
titanium alloys. 

In works [6] was shown that during implantation of 
titanium with ions C+ and N+ on its surface are 
formed carbides and nitrides of titanium with high 
hardness (1800-3000 kg/mm2). It means that 
significant is improving surface strength and wear 
resistance. Besides change of mechanical properties 
may be observed also during using of inert gas ions 
(Ar+). Microhardness of samples which were 
irradiated as silicon ions as argon ions increases by 
10-30% in compared with initial meaning which 
conform to understanding about influence of ion-
beam treatment which leads to more durability of the 
surface layer. Supposed that increasing of 
microhardness during ion treatment involves with 
intensive forming of irradiation defects especially by 
heavy ions of Ar+ and as a result of is beginning of 
the energy barrier which leads to dislocation 
pinning. 
In paper [7] was described the shape-memory alloys 
for medical applications of NiTi were modified by 
ion implantation of surface which contains titanium 
nitride TiN or titanium carbonitride TiNC. Corrosion 
resistance of this alloys is high. The disadvantage of 
this alloy when appears the shape-memory effects is 
flakes of TiN, cracks of TiNC and sharp decrease of 
the corrosion resistance. 
In work [8] was shown that during thermal cycling 
or after deformation in isothermal conditions, the 
reversible formation and disappearance of martensite 
plates does not lead to the destruction of oxide 
carbide layer of titanium and / or zirconium, and this 
predetermines the high corrosion resistance of the 
material under cyclic loading. The choice of the 
elements for the implantation of titanium and / or 
zirconium determines by the fact that the matrix also 
contains titanium, and elements - the analogues of 
the electronic structure of Ti and Zr do not lead to 
the selection of any secondary phases. The second 
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feature of the choice of Ti and Zr as implantable 
items is that these elements are easily passivated 
with the formation of oxides, biocompatible with the 
human body. 
This work is aimed at studying the influence of 
argon, nitrogen and titanium ions surface treatment 
of NiTi on adhesion strength of nanoscale carbon 
coating obtained by the pulsed vacuum – arc 
technique. 
 

2  Materials and methods 

Samples of NiTi were bombarded of ions of argon, 
nitrogen by gas ion source and titanium ions by 
vacuum-arc source with a magnetic system cleaning 
plasma from macroparticles and droplets. The ions 
are accelerated application of negative potential of 
1000 V to the samples. Deposition of carbon coating 
was carried out using a pulsed carbon plasma source 
described in detail in [9]. As the cathode material 
used high-purity graphite MPG-6 grade. The 
vacuum chamber was preliminarily pumped down to 
a pressure of no more than 10–3 Pa. The coating 
deposition rate was 0.1 nm per pulse with the pulse 
frequency of 2.5 Hz. The substrate temperature was 
no higher that 50°C. 
The surface of NiTi with the carbon coatings was 
investigated by means of an optical microscope 
OLYMPUS GX51 and scanning probe microscope 
NTegra Aura. Adhesive, cohesive strength and the 
mechanism of failure coating were defined by the 
scratch-tester REVETEST (CSM Instruments). The 
scratch tester was equipped with a Rockwell C 
conical diamond indenter, having a tip angle of 120° 
and a tip radius of 200 mm at a continuously 
growing load in a range of 0.9-200 N. Results of the 
element analysis and defects in the deformed coating 
were studied with the use of a scanning ion electron 
microscope QUANTA 200 3D equipped with 
integrated microanalysis system Pegasus 2000. 
 

3 Results and Discussion 

On the surface of the sample NiTi without the ion 
treatment fixed bulking and delamination of the 
carbon coating (Fig. 1a). 
The results of a scratch test can be identified by the 
critical load Lc. Basically, Lc is the load value at 
which the coating fails. There are different 
definitions of critical load. For example, Valli 
(1986) indicated that Lc is the normal load which 
affects the indenter and causes coating detachment 
and Vercammen et al. (2000) defined Lc as the 

normal load at which coating failure first occurs. 
Most researchers, however, use the lower (Lc1) and 
upper (Lc2) critical loads to characterise the adhesion 
strength. Thus, the lower critical load (Lc1) is the 
load at which first coating failure is detected, and the 
upper critical load (Lc2) is that when the coating is 
completely detached from the substrate. There are 
several ways to determine the critical load. Dyrda 
and Sayer (1999) have introduced one way to 
identify the sudden change in the slope of friction 
force vs. scratch load curve. 
In this study, adhesive strength was determined by 
critical load of LC, which led to the destruction of 
the coating and the changing curves of the 
coefficient of friction and acoustic emission of the 
load (Fig. 2) and optical microscope (Fig. 3,4), and 
SEM (Fig. 5). 
In this paper we fixed the following critical loads for 
change curves of the coefficient of friction and 
acoustic emission load dicing: Lc1 - the moment of 
occurrence of the trace indentation in the coating; 
Lc2 - formation of the first chevron and diagonal 
cracks at the edges of the scratch; Lc3 - moment of 
the set of chevron cracks at the bottom of the 
scratch, cohesive failure surface; Lc4 - cohesive-
adhesive fracture surface; Lc5 - Plastic abrasive 
coating. Conventionally, the process of destruction 
of the carbon coating during the deformation of the 
indenter can be divided into five stages (Fig. 2). In 
the load range from 1 to 2.7 N is monotonic 
penetration of the indenter into the coating: the 
friction coefficient slightly increased (Fig. 2). At a 
load of 2.7 N indentation is completely immersed in 
the coating and leaves a mark on the cover. Sliding 
diamond indenter on the film runs with very low 
friction (less than 0.12). As the forward movement 
of the indenter and the load increases from 2,7 to 
3,2 N is squeezing the material in front of the 
indenter. Overcoming the indenter formed tubercle 
accompanied by an increase in the friction 
coefficient (Fig. 2). Accumulation and relaxation of 
elastic strain energy leads to the formation of 
chevron cracks, time of appearance of which marked 
the peak of acoustic emission (Fig. 2). Increased 
load on the indenter from 3,2 to 7,4 N as it moves 
along the edges of the indenter scratches observed 
swelling of coating (Fig. 3), which is associated with 
the appearance of diagonal cracks at the edges of the 
scratch. Load more than 7.4 N lead to the emergence 
of a chevron cracks at the bottom of the scratch, and 
diagonal cracks at its edges. With the closure of the 
diagonal cracks at the edges of scratches observed 
separation of individual plots covering formation of 
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such cracks is accompanied by acoustic emission 
and friction coefficient of 0.18 to 0.29 (Fig. 3). 
Destruction is the cohesive-adhesive nature. Load of 
10.1 N is connected with a local flaking of the 
coating under pressure indenter (Fig. 3). The 
appearance of the individual chips cover 
accompanied by a sharp rise in the friction 
coefficient curve upward (Fig. 2). Since the modulus 
of elasticity of NiTi is 80 GPa, and carbon coating – 
600 GPa, and adhesion testing is natural to expect a 
minimum elastic and severe plastic deformation. 
From Fig. 2, it is evident that with the growth of the 
load from 13.4 to 20 N coating is pressed into a 
substrate material that is accompanied by intense 
adhesion of coating failure. With the gradual viscous 
(plastic) coating wear coefficient of friction 
increases smoothly and at a load of 13.4 N (Fig. 3) 
observed a complete tear coverage and reaching the 
substrate material. Thus, we can talk about the loss 
of cohesive strength of the coating at a load of 7.4 N, 
the adhesive bond of the carbon coating to the 
substrate - 13,4 N. 
Even though the critical load values are good 
indicators for coating performance, it may not be 
easily detected from the friction curve every time. 
Hence, for these cases, the scratch track will be 
examined by using of a scanning ion electron 
microscope QUANTA 200 3D equipped with 
integrated microanalysis system Pegasus 2000. 
Elemental analysis of trace deformation of the 
carbon coating confirms that (Fig. 5): 
 - Not fixed cohesive failure (failure in the interior of 
the coating layer) and the delamination of the 
coating on the pretreated by nitrogen ions surface of 
NiTi. 
 - There is loss of adhesive bond coating on the 
samples with pretreated surface of NiTi by nitrogen 
and titanium, and titanium, recorded visually and by 
means the change curve of the coefficient of friction. 
 
4 Conclusions 
It has been found experimentally that the surface 
treatment of NiTi accelerated ions of gas and a metal 
is a fundamental difference, namely: the sputtering 
of the surface ions, gases dominates the etching 
surface. When bombarding the metal ion is 
necessary to consider the process of ion doping of 
the surface of the metal ions, which depends on ion 
energy and dose. 
Thus before deposition of nanoscale carbon coating 
it is necessary make preliminary treatment of surface 
NiTi by ions of gas for elimination of imperfects. 

The last stage of preliminary treatment is application 
of Ti-sublayer. 
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Fig.1. Surface scans of the carbon coating produced (a) 
without the ion treatment of NiTi and with treatment of 

nitrogen ions (b). 
 

 
 

Fig.2. Results of adhesion tests. 
 

   
 

a) Lc1=2,7 N                  b) Lc2=3,2 N 
 

   
 
a) Lc3=7,4 N                  b) Lc4=10,1 N 
 

Fig.3. Microstructure scratch tracks of the carbon coating 
produced on the surface of NiTi after treatment by ions of 

titanium. 
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(c) Lc5=13,4 N 
 

Fig.4. Microstructure scratch tracks of the carbon coating 
produced on the surface of NiTi after treatment by ions of 

nitrogen (a), nitrogen and titanium (b), titanium (c). 
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 Composition, Ат.% 
C N Ti Ni 

1 72,89 4,20 11,38 11,53 
2 77,46 2,07 10,30 10,17 

 
(b) 

 
 
 
 
 
 
 

 Composition, Ат.% 
C Ti Ni 

1 56,96 22,07 20,97 
2 45,44 27,56 27,00 
3 14,38 42,67 42,95 
4 43,74 28,59 27,66 

 
 

(c) 

 
 
 
 
 

 Composition, Ат.% 
C Ti Ni 

1 77,09 11,89 11,02 
2 65,36 17,46 17,19 
3 20,49 39,69 39,83 

  
Fig.5. SEM images and composition of the carbon coating 
after scratch test: treatment the surface of NiTi by ions of 

nitrogen (a), nitrogen and titanium (b), titanium (c). 
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