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Abstract We have studied the effects of nitrogen pre-

implantation of AISI C1045 steel substrates on the

microstructure and microhardness of deposited TiN coat-

ings. The substrates were implanted at 40 keV, to the

fluences from 5 9 1016 to 5 9 1017 ions/cm2, which was

followed by deposition of 1.3-lm thick TiN coatings by

reactive sputtering. Structural characterization of the sam-

ples was performed by standard and grazing incidence

X-ray diffraction analysis, Rutherford backscattering

spectroscopy and transmission electron microscopy.

Microhardness was measured by the Vicker’s method.

Nitrogen implantation up to 2 9 1017 ions/cm2 induces the

formation of Fe2N phase in the near surface region of the

substrates, which becomes more pronounced for higher

fluences. Microstructure of the deposited TiN coatings

shows a strong dependence on ion beam pre-treatment of

the substrates. The layers grown on non-implanted sub-

strates have a (200) TiN preferential orientation, and those

grown on implanted substrates have (111) TiN preferential

orientation. The change in preferred orientation of the

layers is assigned to a developed surface topography of the

substrates induced by ion implantation, and possible effects

of distorted and altered crystalline structure at the surface.

Ion implantation and deposition of TiN coatings induce an

increase of microhardness of this low performance steel for

more than eight times.

Introduction

Surface treatment is becoming a crucial processing for

improving the tribological properties of constructive and

tool steel materials. Many techniques are now available for

deposition of hard coatings, as well as ion beam processes

such as ion implantation, plasma ion immersion, or ion

beam assisted deposition. Modern surface treatments usu-

ally combine some of the layer deposition techniques and

ion beam processing.

In the last decades there is an increasing interest in TiN

coatings deposited by chemical or physical vapor deposi-

tion methods (CVD or PVD) [1]. Titanium-nitride is a

refractory interstitial nitride with extreme hardness, cor-

rosion resistance, and relatively high conductivity. The

most successful application area of TiN coatings is for

protection of various high speed tools. However, direct

application of PVD hard coatings cannot guarantee optimal

tribological performance without pre-treatment of the

substrates. Many authors studied the beneficial effects of

plasma nitriding of steel materials before PVD of hard

coatings [2–5]. It is known that wear resistance strongly

depends on the coating adhesion to the substrate, which

was found to improve by pre-nitrating of tool steel

materials.

Ion implantation was proven as a very powerful tech-

nique for improving tribological properties, both when

applied directly on the processed materials or on previously

deposited coatings [6, 7]. This arises from the non-

equilibrium nature of the ion implantation process,

enabling formation of metastable phases and structures

unattainable by conventional treatments. It was shown that

implantation of nitrogen ions into steel, stainless steel, and

aluminum alloys leads to improvement of their mechanical

and tribological properties [8–10].
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M. Milosavljević

VINČA Institute of Nuclear Sciences, P.O. Box 522,

11001 Belgrade, Serbia

e-mail: dperusko@vin.bg.ac.yu

123

J Mater Sci (2008) 43:2625–2630

DOI 10.1007/s10853-008-2477-5



In this work, we have studied the effects of nitrogen ion

pre-implantation of AISI C1045 steel substrates on the

properties of subsequently reactively sputtered TiN coat-

ings. It was found that pre-implantation of the substrate

influences both the microstructure of the coatings and their

microhardness.

Experimental procedure

As a substrate material, we used AISI C1045 construction

steel, cut in the form disks, 25 mm in diameter and 5 mm

thick. Chemical composition of this material is shown in

Table 1. The samples were mechanically prepared to a

roughness parameter Ra = 1.01 lm.

Prior to the deposition of TiN coatings, the substrates

were irradiated with N2
+ ions in a 400 kV ion implanter.

The ion energy was 40 keV per atom, which gives a pro-

jected range of 46 nm according to calculations by the

TRIM code [11]. The ion beam was scanned homoge-

nously over the substrate surface, at a beam current of

0.1 mA/cm2. During implantation, the samples were

cooled, so the temperature did not exceed 120 �C. The

implanted fluences were in the range from 5 9 1016 to

5 9 1017 ions/cm2.

The TiN coatings were deposited by reactive d.c. sputtering

in a Balzers Sputtron II system. We sputtered a 99.9% pure Ti

target with argon ions in nitrogen ambient. The deposition

parameters were as follows: base pressure in the chamber

1.3 9 10-3 Pa, argon partial pressure 0.13 Pa, nitrogen par-

tial pressure 4 9 10-2 Pa, the high voltage on the target

-1.5 kV, the Ar+ beam current 25 mA/cm2, and the substrate

temperature 200 �C. The TiN coatings were deposited to a

thickness of 1.3 lm, at a rate of 0.12 nm/s. Before deposition

of TiN, the substrates were cleaned by back sputtering, which

was performed under the following conditions: Ar+ energy

was 1 keV, current density 8 lA/cm2, and sputtering time

5 min. This removed about 3 nm of materials from the sub-

strate surface. For transmission electron microscopy and

Rutherford backscattering spectroscopy, we prepared 250 nm

TiN films deposited under the same conditions on Si wafers. In

the later case, we used a 10 nm intermediate Ti layer to

improve adhesion.

Structural characterizations were performed by standard

X-ray diffraction analysis (XRD), grazing incidence X-ray

diffraction (GXRD), Rutherford backscattering spectroscopy

(RBS), and transmission electron microscopy (TEM). For

GXRD analysis, Cu Ka X-ray diffraction patterns were

collected by Bruker D8 Advance Diffractometer with par-

allel beam optics. The incidence angle was 3�, the step 0.05�
and the time interval 10 s per step. RBS analysis was done

with a 900 keV He++ ion beam, at normal incidence, and a

detector positioned at 165� backscattering angle. The

experimental data were analyzed with the WiNDF code

[12]. Cross-sectional TEM analysis was done on a Philips

EM 400T microscope. Micro diffraction (MD) technique

was used to study the crystalline structure of the samples.

We also did micro-hardness measurements of the samples,

by the Vicker’s method, using a pyramidal indenter with the

top angle of 136�.

Results and discussion

X-ray diffraction analysis was used to study the structure of

as-implanted AISI C1045 substrates and of the deposited

TiN coatings. However, since the range of implanted

nitrogen was only a few tens of nm, standard XRD did not

show any changes in the spectra taken from non-implanted

and implanted substrates. Formation of Fe-nitride phases

could only be detected by GXRD analysis. Though, stan-

dard XRD was sensitive enough to study the deposited

1.3-lm thick TiN coatings.

In Fig. 1a–d, we present an illustration of XRD and

GXRD analyses of implanted substrates. A standard

XRD spectrum taken from a sample implanted with

nitrogen to 5 9 1017 ions/cm2 is given in (a). It shows

only a diffraction line that corresponds to Fe (110). In

(b–d) we present the GXRD spectra. Here we observe

only Fe diffraction peaks in the non-implanted sample

(b) and the formation of Fe2N phase in the implanted

samples (c and d). It is seen that the Fe2N phase is

formed after implantation of nitrogen to 2 9 1017 ions/

cm2. Among the Fe2N diffraction peaks, the most

intensive is the one that corresponds to (211) orientation.

After implantation to 5 9 1017 ions/cm2 we only see a

more pronounced nitriding effect and no appearance of

new diffraction lines.

Calculations with the TRIM code gave a peak nitrogen

concentration of 9.1 9 1022 at/cm3, for the implanted flu-

ence of 2 9 1017 ions/cm2, and a sputtering yield of

0.89 atoms/ion. Concentration of Fe atoms in bulk iron is

8.4 9 1022 at/cm3, and it is known that nitrogen has a fairly

large diffusion coefficient in Fe at room temperature. How-

ever, despite the high sputtering yield and a high diffusivity,

the GXRD analysis in our experiments shows that we have

achieved the concentration of nitrogen necessary to form the

Fe2N phase. Kopcewicz et al. [13] have shown that

implantation of nitrogen into bulk iron at a fluence of

Table 1 Chemical composition of AISI C1045 steel

Element C Mn Si P S Fe

at % 0.45 0.65 0.15–0.35 \0.045 \0.045 balance
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1.5 9 1017 ions/cm2 induces formation of Fe3-xN, while the

formation of Fe2N starts at 2 9 1017 ions/cm2. Our results

are in agreement with these findings.

Figure 2 presents a standard XRD spectrum from an

AISI C1045 substrate implanted with nitrogen to 5 9 1017

ions/cm2 and covered by a 1.3 lm TiN coating. It shows

the diffraction peaks that correspond to TiN and Fe. The Fe

diffraction lines appeared from an uncovered part on the

substrate surface. Usually, preferred orientation in TiN

coatings deposited under similar conditions is either (111)

or (200), depending on chemical composition of the sub-

strate [14, 15]. In the case presented in Fig. 2, a clear

preferred orientation does not exist.

GXRD analysis of (111) and (200) TiN diffraction peaks

shows that the intensity ratio of these two lines depends on

pre-implantation of the substrates. For illustration, in Fig. 3

we present GXRD spectra of a TiN film deposited on a

non-implanted (a) and a layer deposited on a pre-implanted

substrate to 5 9 1017 ions/cm2 (b). It is necessary to

mention that almost the same spectra were obtained by

standard XRD analysis. The results of calculations made

from these spectra are plotted in Fig. 4a, b. The ratio of the

integrated intensities I(200)/I(111), is given in (a). The

intensity of (200) TiN diffraction line is considerably

higher in the coating deposited on non-implanted substrate.

Pre-implantation of the substrate induces changes in the

texture of the deposited coatings, the intensities of (200)

and (111) diffraction lines becoming nearly the same. TiN

is an anisotropic material, the XRD data base values give

an intensity of (111) line as 75% of the (200) diffraction

intensity [16]. This intensity ratio is marked as a dashed

line in Fig. 4a. Our results indicate that on non-implanted

substrates TiN layers grow with (200) preferential orien-

tation. On the other hand, on all implanted substrates TiN

layers have a (111) preferential orientation. This can be

attributed to the changes in surface topography of the

substrates induced by sputtering during ion implantation.

Fig. 1 XRD analysis of implanted steel substrates: (a) standard XRD

spectrum from the sample implanted to 5 9 1017 ions/cm2; GXRD

spectra from samples: (b) non-implanted, (c) implanted to

2 9 1017 ions/cm2, and (d) 5 9 1017 ions/cm2

Fig. 2 Standard XRD spectrum from a substrate implanted with

nitrogen to 5 9 1017 ions/cm2 and covered by a 1.3 lm TiN coating
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Taking the sputtering yield as 0.89 atoms/ion, implantation

to 2 9 1017 ions/cm2 sputters off approximately 20 nm of

the substrate material.

Another effect of nitrogen pre-implantation of the sub-

strates is the growth of TiN coatings with larger grains, as

shown in Fig. 4b. To calculate the grain size, we used the

corrected Scherrer equation [17]

D ¼ a k 360 � 10�10

2 p b cos H

where: a is the geometrical coefficient (a = 0.9 for cubic

crystals), k is the wavelength of the X-rays (for Cu Ka

k = 1.5418 9 10-10 m), b ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

b2 � B2
p

is corrected line

broadening, B is the FWHM of the peaks and b is a cor-

rection factor. The mean grain size increases from 16 to

16.5 nm for non-implanted substrates to 18–19 nm for

substrates implanted to the highest fluence.

The change of I(200)/I(111) TiN diffraction intensity

ratio described above can also be considered from another

aspect. In Fig. 5, we have shown matching of the crystal

lattices of iron and titanium nitride. In our case, the pre-

ferred orientation of Fe substrate lattice is (110), so the

positions of Fe atoms are shown in that direction. On Fe

lattice sites we have superimposed the Ti sites in (111) and

(200) TiN lattice orientation. It is evident that better

matching is achieved for (200) orientation of TiN, which

may be the reason for this preferred orientation in the

layers deposited on non-implanted substrates. Implantation

to high fluences induces distortion of the substrate lattice in

the near surface region, thus weakening the effect of Fe and

TiN lattice matching. Pure iron has a body-centered cubic

(bcc) crystal lattice. Formation of Fe2N induces a trans-

formation to the Fe2N crystal lattice, which is distorted

octahedral. Nitrogen atoms tend to locate at the octahedral

interstitial sites. The type of chemical bonding in TiN is

Fig. 3 GXRD spectra of (111) and (200) TiN diffraction peaks on

non-implanted (a) and pre-implanted with ion fluence of

5 9 1017 ions/cm2 (b) samples

Fig. 4 Integrated intensity ratio I(200)/I(111) (a) and mean grain size

(b) of TiN coatings as a function of ion fluence pre-implanted in the

substrate

2628 J Mater Sci (2008) 43:2625–2630

123



similar to that in Fe2N, different compared to pure metallic

bonding in bulk Fe. Our depositions were not done in ultra

high vacuum, and hence we cannot claim an epitaxial

relationship here. However, we did sputter cleaning of the

substrates immediately before deposition, so there could be

some influence on texturing and the growth of larger grains

in TiN layers deposited on implanted substrates.

In Fig. 6, we present the results of cross-sectional TEM

analysis. For this purpose, we deposited a 250 nm TiN film

on a silicon wafer, under the same parameters as used for

the steel substrates. The micrograph of a bright field image

shows a polycrystalline columnar structure of the film. The

columns stretch from the substrate to the surface, and their

width is of the order of a few tens of nm. Comparing these

results to those obtained by XRD analysis, there is a fair

agreement in the column width. However, although indi-

vidual columns may be longer, they can be twisted or

disconnected in a thicker film. The electron diffraction

pattern, taken with a focused micro-beam on the TiN layer,

shows a polycrystalline structure. We observe individual

spots lying on the rings that correspond to diffractions from

(111) and (200) TiN planes, and from the planes with

higher indexes.

Stoichiometry of the layers was analyzed by RBS. Again

we have used a 250 nm TiN layer on Si wafer, because the

depth resolution on a thicker layer would be poor. In

Fig. 7a, b we have shown the experimental and fitted RBS

spectra (a) and the extracted depth profiles of the compo-

nents (b). In (a) we have also shown the separated spectra

of the components obtained from the fit. It is seen that the

Fig. 5 Schematic view of

crystal lattice matching of iron

and titanium nitride

Fig. 6 Cross-sectional TEM analysis of a 250 nm TiN layer depos-

ited on silicon

Fig. 7 Experimental and fitted RBS spectra (a) and the extracted

depth profiles of the components (b) of a 250 nm TiN deposited on

silicon
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Ti/N concentration ratio corresponds to stoichiometric TiN

within 1–2 at%. A slightly higher Ti concentration near the

Si substrate arises from a pure 10 nm Ti intermediate layer,

which was deposited in order to improve the adhesion on

Si. The layers contain 1–2 at% of Ar, which is incorporated

during deposition. There is also a fraction of Ar at the

substrate surface, because it was cleaned by back sputtering

prior to deposition of the layers.

The results of micro-hardness measurements are shown

in Fig. 8. Due to high value of surface roughness parameter

Ra in this experiment we applied a load of 196 mN. The

figure shows that ion implantation induces an increase of

micro-hardness, both in as-implanted steel substrates and in

the structures with deposited TiN coatings. The increased

micro-hardness of the substrates can be associated with the

enhanced formation of iron nitrides [15, 18] and radiation

damage in the near surface region. This is further reflected

on the deposited TiN coatings. It must be pointed out that

for the applied load the indenter penetrates through the

whole coating. The value of microhardness for coated

sample irradiated to 5 9 1017 ions/cm2 has more than eight

times higher value than that for untreated sample. This

illustrates the possibilities of these techniques (ion

implantation and deposition of hard coatings) to improve

the materials surface properties.

Conclusions

We have studied the effects of nitrogen pre-implantation of

AISI C1045 construction steel substrates on the micro-

structure of sputter deposited TiN coatings. Implantation of

40 keV nitrogen induced the formation of Fe-nitrides, which

is more pronounced for higher fluences. Microstructure of

the deposited TiN coatings shows a strong dependence on

ion beam pre-treatment of the substrates. They exhibit

characteristic (200) and (111) TiN X-ray diffraction peaks,

the ratio of their intensities depending on pre-implantation

processing. The layers grown on non-implanted substrates

have a (200) preferential orientation, and those grown on

implanted substrates have (111) preferential orientation.

These changes are assigned to a developed surface topog-

raphy of the substrates induced by ion implantation, and

possible effects of distorted and altered crystalline structure

at the surface. Ion implantation and deposition of TiN

coatings induce an increase of microhardness of this low

performance steel for more than eight times.
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