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Hccreoosanvl cmpykmypa, cocmas u mexanuveckue ceovcmea mHozocaounvix nokpvimui TiN/TiC.
Bce noxpwuimus nanocunuce na 006pasyvl U3z UHCMPYMeHmalvHou cmanu mapku HI13 memoodom
BAKYYM-NIAZMEHHO20 XUMUUECKO20 O0CAICOeHUs NAPO8 € NYAbCUPYIOWUM PA3PAOOM HOCMOSHHO20
moxka. C nomMowplo amomMHO-CUIOB020 MUKPOCKONA OblLilU BbINOJIHEHbl UCIbIMAHUS NO BHEOPEHUIO
HaHOUHOEHmMopa u Hanoyapananuio. B pesynomame onpedenenvt maxue mexanuvecKkue xapaKmepuc-
MuKu: meepoocms, MOOYIb YNPyeoCmiu, Wepoxoeamocms HOBEPXHOCMU U KOIDGuyuenm mpenus.
Jlist uzyuenus Kpucmaaiuyecko CmpyKmypsl NOKPoIMutl UCHOIb308AIUCH MEMOO CKONb3AUell PeHm-
2€HOBCKOU OUPPAKYUYU U MYHHENbHAS CKAHUPYIowWas Mukpockonus. Tlokazano, 4umo ¢ yseiuyeHuem
KOZU4eCmaa cioe NOKpbImull nogulualomest Mooyib Ynpyeocmu u meepoocmys. Ycmanoeneno, umo
0eCcAmMUCIOUHble NOKPLIMUA UMEION 8bICOKUE MEXAHUUECKUEe XAPAKMEPUCTIUKU (MBepOOCHTb, MOOYIb
ynpyeocmu, ConpomugieHue yapananuio), NOIMoMy NOKpblmus maxKoeo mund pekomeHOyIomcs Ojis
UCNONL306AHUSL 6 CIYYASX, eClu Mpedyemcs ux NOGbIUEHHAsS. USHOCOCMOUKOCHTb.

Knrouesote cnosa: TiN/TiC HOKpBITHS, BaKyyM-TUIa3MEHHOE XMMHUUECKOE OCAXK/ICHUE MapOB,
aTOMHO-CHJIOBON MHKPOCKOII, HAHOWHICHTHPOBAHKE, HaHOIapaaHue.

Introduction. Hard coatings such as titanium carbide (TiC) and titanium nitride (TiN)
are widely used in various industries. This is due to their unique properties such as high
hardness and elastic modulus, satisfactory corrosion and wear resistance, good electrical
and thermal conductivities, a well as high melting temperature [1-3]. Since single-layer
coatings due to their specific characteristics exhibit less efficient performance than
multilayer ones, in recent papers various multilayer coatings were investigated, which have
a number of advantages over single-layer coatings. They combine attractive properties of
several materials, as well as exhibit some completely new properties that are not observed
in single-layer coatings. Each layer in a multilayer coating contributes to the surface with
its specific properties. Multilayer coatings have been found to possess better mechanical
properties than single-layer ones: for example, higher hardness, fracture toughness and
strength [4, 5].

Thin coatings can be deposited by different methods, such as physical vapor and
thermal chemical vapor techniques. During implementation of the first method , the coating
adhesion strength decreases due to low temperature, whereas the second method implies a
high temperature, due to which grain growth occurs and quality of coatings’ properties is
deteriorated [6, 7]. On the other hand, the pulsed-DC plasma-assisted chemical vapor
deposition (PACVD) is a proper technique for depositing thin coatings over different
substrates, due to the possibility of achieving the same properties at lower temperatures.
Control of composition and thickness of coatings is performed by adjusting plasma
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parameters. Moreover, rotation of the complex specimen is no more required [6, 8-9]. It is
noteworthy that researchers have been studied TiN/TiC multilayer coatings obtained by
other techniques [7, 10], but only few studies were dedicated to the PACVD technique. In
addition, due to brittleness of TiC layer, most researchers studied TiN/Ti(C,N)/TiC coatings
[7]. Thus, there are only scarce research results on TiN/TiC multilayer coatings. However,
such properties as hardness of TiN/TiC double-layer coatings obtained using the PACVD
were investigated by Kim et al. [6]. Takahashi et al. [11] also prepared the compositionally
graded TiC/TiN films by the liquid injection PACVD and studied the composition and

structure of graded TiC/TiN films deposited over silicon substrates.

The objective of this study was to deposit TiN/TiC multilayer coatings over H13 hot
work tool steel by the PACVD technique and then to evaluate the influence of the number
of layers on nanoindentation characteristics and the scratch resistance of TiN/TiC multilayer
coatings. The crystalline structure of coatings is determined by the grazing incidence X-ray
diffraction (GIXRD) and the field emission scanning electron microscopy (FE-SEM). The
surface morphology, roughness and nanomechanical properties, such as the elastic modulus,
hardness, wear and scratch resistance are determined by the atomic force microscopy
(AFM) with NanoScope and Hysitron TriboScope instruments.

1. Material and Methods. H13 hot work tool steel specimens with the composition
listed in Table 1 were heat-treated, in order to increase their hardness. Specimens were
prepared by grinding up to surface roughness of 2000 and cleaned with alkali solution in
ultrasonic bath at 100°C for 10 min. In order to increase the adhesion of coatings to the
substrate and to increase the load capacity of coatings, a plasma nitriding operation with
parameters listed in Table 2 was performed. In the plasma nitriding process, the flow ratio
of hydrogen to nitrogen was fixed about 3 to prevent the white layer formation [12].

Table 1
Chemical Composition of the Substrate (wt.%)
C Si Cr Mo \Y% Mn Ni Cu Fe
0.45 0.69 5.72 1.14 2.23 0.27 0.15 0.24 balance
Table 2

Parameters Used in the Plasma Nitriding Process

Temperature | Pressure | Duty cycle | Voltage Time | Hydrogen | Nitrogen | Argon
o) (mbar) (%) V) (min) (sccm) (sccm) (sccm)

470 2 33 650 60 1600 500 500

TiN/TiC multilayer and single-layer coatings were deposited in a PACVD reactor,
using a TiCl—Ar-CH4,~H,—N, gas mixture. The plasma was triggered by a pulsed-DC
power supply. The total pressure in the reaction chamber was 2—6 mbar. Fixed flow rates of
argon, hydrogen and titanium chloride, methane and nitrogen were 500, 1600, 50, 1200,
and 250 sccm, respectively. The duty cycle for all specimens was 33%. A negative bias
voltage was fixed at 600-650 V during the process in the chamber with height and diameter
of 70 X 50 cm. The substrate temperature was controlled by an auxiliary heating system, in
addition to the intrinsic sputtering effect. Other experimental conditions are listed in Table 3.
The TiN layer was deposited firstly, in order to have a better adhesion to the substrate [7].
The thickness of each (TiN/TiC) layer in multilayer coatings was controlled by adjusting
the feeding time of reactant gases, based on the reference of the deposition rate in TiN/TiC
single-layer coatings. The thickness of layers varied from 0.2 to 2 um.
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Table 3
Parameters Used in the Coating Deposition Process
Time Temperature Titanium chloride Methane Nitrogen
(min) °O) (sccm) (sccm) (sccm)
80 450-470 50 80 250

In this paper, the GIXRD with test specifications of « = 2° (the incidence angle) and
the radiation of 1.5418 A: CuKa was used. For coatings, the cross section was observed by
the FE-SEM.

The surface morphology and roughness of coatings were measured by the AFM.
Nanomechanical properties such as the elastic modulus (E) and hardness (H) were
determined by the nanoindentation (the Hysitron TriboScope instrument). The nano-
mechanical test instrument with the two-dimensional transducer, complete software and the
Berkovich diamond indenter was used after calibrating instruments including the compliance.
The indentation time was 10 s. The sensor of the transducer recorded values for the normal
force and the normal depth. Five indentation tests for each specimen were conducted in this
study. In the AFM part, the NanoScope instrument was also used. Recently, emerging
technologies such as the AFM and the surface force apparatus have opened the possibility
to study friction and wear phenomena in a molecular scale. This allows one to measure
frictional forces between contacting molecules at the nanonewton level [13]. The nano-
scratch test has extended the applicability range of the nanoindentation device. The scratch
was made by moving the indenter laterally with continuous penetration into the specimen.
Every scratch had 4 um length, and it took 30 s to conduct a scratch test. The friction
coefficient of coatings was measured through the nanoscratch test. The normal load of the
scratch test was ramped from zero to 2000 uN. The normal force, the lateral force, the
normal displacement, and the lateral displacement during the scratch test were recorded
with respect to the time. Three scratch tests for each specimen were also conducted in this
study.

2. Results and Discussion.

2.1. X-Ray Diffraction. Phases of deposited films were identified by the GIXRD.
Figure 1 demonstrates the GIXRD pattern obtained from TiN/TiC multilayer and single-
layer coatings. These diffraction patterns show the orientation in the direction of crystalline
planes including (1 1 1), (2 00),(220), (3 1 1), and (2 2 2) planes. The literature reported
that these peaks corresponded to TiN and TiC layers [14]. In multilayer coatings, the peak
width and the intensity were more than the peak for TiC or TiN single-layer coatings. Due
to the near position of the peak characteristic of the TiC phase or the TiN phase, the peak
separation for each layer was not observed in multilayer coatings. This result (overlaying of
peaks for each layer in multilayer coatings) was consistent with the result of other
researches [15, 16]. The study of the crystal structure of deposited layer coatings showed a
texture in the (2 0 0) orientation for all specimens. Therefore, the (2 0 0) plane which had
the lowest surface energy was the preferred structure, although the (1 1 1) texture was the
common structure of these 4 coatings [17]. In multilayer coatings, depositing of the first
layer (the TiN layer) had no effect on the preferred orientation of the grain growth in the
second layer (the TiC layer). However, increasing the number of layers (from 2 to 10)
caused the increasing tendency in the (1 1 1) texture.

2.2. Microstructure of Coatings. The cross section of single-layer and multilayer
coatings was observed by the FE-SEM, as shown in Fig. 2. The total thickness of TiN/TiC
multilayer coatings was 2-3 um, approximately. Investigation of the morphology of all
coatings demonstrated a fine-grained structure, whereas coatings which were deposited by
the physical vapor deposition [18] had a columnar structure. Layers are closely integrated,
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Fig. 1. GIXRD test results for specimens including TiN (a), TiC (b), and multilayer coatings with 2 (c)
and 10 (d) layers.

c d

Fig. 2. Cross section FE-SEM images for specimens including TiN (a), TiC (b), and multilayer
coatings with 2 (c) and 6 (d) layers.
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and the interface between the film and the substrate is flat without pores and defects. This
indicates good interfacial bonding properties. By increasing the number of layers, the
coating possessed smaller grain structure and the structure became increasingly densed, as
reported by Liu et al. [19]. Thus, few spaces and defects have appeared in the coatings. The
existence of the multilayer interface structure can reduce the internal stress of the film. As
is shown in Fig. 2b, images demonstrate that if the substrate surface is not completely flat,
coatings are deposited even in down hills of the surface, and a uniform coating is formed.
This is due to the high power throwing property, which is intrinsic only to the PACVD
process. The interface between TiN layers and TiC layers in multilayer coatings is not quite
sharp (Fig. 2c and 2d).

2.3. Surface Morphology. The AFM was carried out to quantitatively study the
surface morphology of specimens in relation with an increase of the number of layers in
TiN/TiC multilayer coatings. Figure 3 shows AFM images for coatings that were analyzed
in 2X2 um. Lighter areas of AFM images represent those regions with a higher height.
Figure 3 demonstrates that asperities were distributed over a broader range of heights on
multilayer coatings, compared to single-layer coatings. This is also confirmed by the
roughness and values of the root mean square roughness profile of the surface height
(R,,;s )- The grain height in TiN single-layer coating attains the smallest value and is about
65 nm. Some sub-grains in TiN single-layer coating were also observed. As the number of
layers in TiN/TiC multilayer coatings was changed from 2 to 10, the grains’ height
increased from 81 nm to 89 nm. Thus, about the 25-36% enhancement is observed for
multilayer coatings, in comparison to the grain height of TiN single-layer coatings. The
morphology of grains in TiN single-layer coatings is similar to pyramidal or granular
structures, while the grains’ shape in other coatings is spherical.

Figure 4 shows the relation between roughness and grain height versus the number of
layers, where R, is defined as the mean value of the surface height relative to the center
plane, while R, is the root mean square roughness profile of the surface height within
the scanned area [8]. The results obtained indicate that R, and R, are affected by the
structure and the material. TiC single-layer coatings exhibit lower surface roughness than
other coatings. Increase in the number of layers from 2 to 10 in TiN/TiC multilayer coatings
results in the increase of the surface roughness. Variation of the surface roughness with the
number of layers exhibits a trend similar to the grain height variation, as is shown in Fig. 4.
When the number of layers in TiN/TiC multilayer coatings was increased from 2 to 10, the
surface roughness (R,) also increased from 20 to 26 nm. This corresponds to about 11—
44% increase, as compared to the surface roughness of TiC single-layer coatings. It is
noteworthy that the surface roughness of coatings is directly related to the surface preparation
of the substrate. If the level of the preparation is higher, the coating surface roughness is
decreased. In other words, in case of a single-layer coating, when the layer is directly
deposited onto the mirror surface of the substrate, the surface roughness attains the minimum
value. Therefore, multilayer coatings with 10 layers have the maximum surface roughness
among other coatings. As established by Morant et al. [20], there is a relation between
increasing the surface roughness and increasing the number of layers in multilayer coatings.

2.4. Nanoindentation. Nanoindentation experiments were performed to study
mechanical characteristics as a function of the multilayer wavelength. The dependences
between nanohardness, elastic modulus and the number of layers in multilayer coatings are
shown in Fig. 5.

The thickness of coatings exceeds the total indentation depth by more than ten times.
Hence, hardness and elastic modulus were calculated only for coatings (with no consideration
of the substrate effect). For better comparison, hardness values of TiN and TiC single-layer
coatings were also reported. Mechanical properties such as hardness (H) and the clastic
modulus (£) were calculated by fitting the unloading part of the P— /A curve via the
Oliver—Pharr method [21-23].
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Fig. 3. The three-dimensional AFM image of the surface topography including TiN (a), TiC (b),
multilayer coatings with 2 (c), 6 (d), and 10 (e) layers.

Via this method, the contact hardness (/{,) can be obtained from Eq. (1):

by o Poa _ P

c - 2
AC ahmax

max

’ )

where « is a non-dimensional geometrical constant, a= 7 tan? wc, in which @ is the

inner angle of the effective cone, approximating the pyramidal indenter tip geometry. The
value of 24.5 for « is associated with the ideal Vickers or Berkovich pyramidal indenter,
with @ of 70.38 [8]. Thus, the hardness is related to the maximum displacement (/4 ,,, ) in
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Fig. 6. The loading—unloading curve of specimens including TiC, TiN, and multilayer coatings with
10 layers.

the load—displacement curve. As TiN single-layer coatings have the maximum displacement
(Fig. 6), they exhibit lower hardness than other coatings.
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All hardness values of multilayer coatings are about 24.6-26.7 GPa, while hardness of
TiN and TiC single-layer coatings are about 19.4-24.4 GPa, respectively. The first value
(19.4 GPa) was also established by Kim et al. [24]. Moreover, hardness of all multilayer
coatings exceeds that of TiC and TiN single-layer ones. As the number of layers is
increased, an enhancement can be observed. The hardness of multilayer coatings has
reached its maximum value of 26.7 GPa in case of 10 layers. While hardness is related to
composition and structure of single-layer coatings, high hardness values can be also
atrributed to the role of interfaces as effective obstacles for the lattice dislocation slip and
the dominant deformation mechanism in multilayer coatings [5, 17]. The maximum
hardness by interface strengthening can be described by the following simple equation.
Consider a multilayer structure containing two layers, one of which (layer A) has a low
shear modulus, while the other (layer B) has a high shear modulus. Therefore,

3(Gp—G4)sinf
HmaszA+BmT’ @

o E
T 2(4v) G)

where H , is hardness of layer A (with a lower shear modulus), G is shear modulus, 6 is
angle between the interface and the slip plane of layers, and m is the Taylor factor. The
value of m can be estimated as 0.3 for transition metal nitrides in NaCl type structures.
Poisson’s ratio (v) is 0.24—0.25 for TiC and TiN coatings. Hardness and elastic modulus
values of individual layers are obtained through nanoindentation tests [21]. Thus,

H . =H,+01044(Ez —E ;). “)

Results for TiN/TiC multilayer coatings show a difference between experimental data
of nanoindentation tests and results derived from interface characteristics through Eq. (4).
We have found that this difference is caused by dislocation blocking in the system of
multilayer coatings. Therefore, the highest hardness was found for multilayer coatings with
10 layers, reaching the maximum value of 26.7 GPa. Thus, the increase in hardness is equal
to 38% , which is higher the expected referent value (34%) from the rule-of-mixtures
applied to TiC and TiN coatings. Explanation for this hardness enhancement in TiN/TiC
multilayer coatings can be based on interfaces acting on dislocations and Hall-Petch
models, which provide a good overall picture of hardness enhancements [25].

The PACVD is a technique which allows one to generate compressive stresses in the
most coatings [26]. In addition, as established by Ding et al. [27], increase in the number
of layers in multilayer coatings results in augmentation of the compressive stress and
hardness values [28]. Thus, hardness of TiN/TiC multilayer coatings was also increased due
to generation of the compressive stresses. Enhanced hardness values have been also
observed in the process of material bombardment by high-energy ions during deposition of
coatings with high compressive stresses in [8].

The stiffness (S = dP/dh) of the contact can be used to calculate the reduced elastic
modulus (£,) via the following equation:

poolVT s
"TB 2 Ja, ) )

where A4, (h.) is the projected area of the indentation at the contact depth (%) and pisa
geometrical constant 4, (h,) is often approximated by a fitting polynomial for the
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Berkovich tip [29]. The area function of this indenter is calibrated by the B270 glass. The
variation of E with the number of layers exhibited a trend similar to that of the variation of
H, as shown in Fig. 5. During the increase in the number of layers, the elastic modulus was
reported to increase linearly.

The wear resistance can be predicted by the elasticity index (H/E), describing the
elastic strain prior to failure. This ratio is the measure of the ability to absorb the energy
elastically. In addition, H 2 /E defines the resistance to fracture (the Irwin—Orowan—

Griffith case). Tough materials are characterized by high H 2/E [30]. High H/E and

H? / E values are intrinsic to multilayer coatings, in contrast to single-layer ones, as it is

shown in Table 4. Although for a long time the hardness has been regarded as a primary
material property affecting the wear resistance, the elastic strain prior to failure seems to be
a suitable parameter for predicting the wear resistance [9, 22, 31]. Thus, with increase in
the number of layers from 2 to 10 in TiN/TiC multilayer coatings, the wear resistance or the
H/E ratio is also increased (by about 7%, in comparison to TiC single-layer coatings),
while the fracture toughness or the H 2/E ratio is also increased (by about 17%, in

comparison to TiC single-layer coatings).

Table 4
Nanomechanical Properties Obtained by the AFM
Coatings Number H/E H? / E u Lateral Normal
type of layers force displacement
(uN) (nm)
TiN n=1 0.0713 1.46 0.28 673=10 157+2
TiC n=1 0.0876 2.12 0.33 727+10 862
2 layers n=2 0.0880 1.85 0.30 69010 1342
4 layers n=4 0.0898 2.26 0.31 681x10 112+2
6 layers n==~6 0.0910 2.36 0.33 685*10 105%2
10 layers n=10 0.0935 2.49 0.34 734x10 88+2

2.5. Nanoscratch. The AFM has been shown to be a powerful tool to investigate the
nanofriction behavior of several surfaces, including metals, ceramics and polymers [32].
Friction coefficients (ratio of the measured friction force to the applied normal force) for all
coatings were calculated as an average of about 400 data points over the entire sliding
distance. Figure 7 shows variation of friction coefficients with the scratch time. Based on
the nanoscratch data, changes in the relative elastic-plastic response can be monitored.
During the running-in time, due to the interaction between the tip and asperities on
coatings, the friction coefficient (u) is increased. At the initial stage, the friction coefficient
is controlled by the film roughness and the build-up of a transfer layer (tribolayer). At the
second stage, friction and wear are controlled by the nature of the tribolayer [33]. The
average value of friction coefficients («) for all multilayer coatings was approximately
0.3-0.34. The minimum average value of friction coefficients (0.28) was related to TiN
single-layer coatings. Thus, when the number of layers was increased, the increase in the
friction coefficient was also observed. This result shows that multilayer coatings have
better scratch resistance, as compared to TiN single-layer ones. This suggests a dependency
between the surface asperity, roughness, hardness, and the friction coefficient by this scale
for TiN/TiC multilayer coatings. This occurrs when the loading rate, scratching speed,
indenter tip radius and the indenter material remain unchanged during the scratch test.
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Fig. 7. Friction coefficient versus time for different specimens including TiN (a), TiC (b), multilayer
coatings with 2 (¢), 6 (d), 10 (e) layers.

According to Recco et al. [34], when the coating hardness is increased, the friction
coefficient is also increased. Variation of the friction coefficient in TiN single-layer
coatings with the scratch time was approximately fixed and the diagram was continuous
over the scratch time, but similar diagrams for other coatings were discontinuous, whereas
this discontinuity exhibited a certain improvement in the scratch resistance. When the
number of layers in multilayer coatings is increased, variation of friction coefficients is
slowly increased over the scratch time. According to the lateral (shear) force shown in
Table 4, the critical load for multilayer coatings with 10 layers is higher than that in other
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coatings, whereas the critical loads for other multilayer coatings are lower than in TiC
single-layer coatings. The normal displacement that describes the scratch depth turned ot to
be similar in multilayer coatings with 10 layers and TiC single-layer ones. This indicates
that the scratch resistance of multilayer coatings, especially those with 10 layers, is higher
than that of TiN single-layer coatings.

Conclusions. TiN/TiC multilayer coatings were successfully deposited by the pulsed-
DC PACVD with the number of layers ranging from 2 to 10. High hardness values (about
26.7 GPa) are observed for TiN/TiC multilayer coatings deposited with 10 layers. The
enhanced hardness of multilayer coatings is attributed to several interfaces which block the
dislocation motion across the interface between Ti—C and Ti-N layers. This is due to
differences in the shear moduli of materials in the individual layers. The values of hardness
and elastic modulus of TiN/TiC multilayer coatings are found to be slightly higher than
those observed in single-layer coatings. The results obtained show that the TiN film has the
smallest grain height, whereas the TiC film has the lowest surface roughness. By increasing
the number of layers from 2 to 10 in multilayer coatings, it became possible to increase the
grain height, surface roughness, hardness, elastic modulus, as well as wear and scratch
resistance of the coatings.

Pe3ome

JlocmipkeHo CTPYKTYpY, CKJIaJ 1 MeXaHIuHi BIACTHUBOCTI OararomrapoBux MOKpHTTIB TiN/
TiC. Bcei mokpuTTst HAaHOCHIIHCU Ha 3pa3Ku 3 IHCTPYMEHTaNIbHOI ctai Mmapku H13 meronom
BaKyyM-IUIa3MOBOTO XIMIYHOTO OC/DKEHHS MapiB i3 IMyJIbCYIOYMM PO3PSIOM IOCTiHHOTO
CTpyMy. 3a JOTIOMOT0I0 aTOMHO-CHJIOBOTO MIKPOCKOTIA OyJIO IMTPOBEICHO BUITPOOYBAHHS Ha
MIPOHUKHCHHS HAaHOIHACHTOPA Ta HAHOIApalaHHA. Y pe3yiabTaTi BU3HAYCHO TaKi MEXaHIgHI
XapaKTePUCTUKU: TBEPIICTh, MOAYJb TPYKHOCTI, MOPCTKICTh MOBEPXHi 1 KOe(DIIliEHT TepTs.
Jlnst BUBUCHHSI KPHUCTAIIYHOI CTPYKTYPH IOKPHTTIB BHKOPHCTOBYBAJINCH METOHA KOB3HOL
PeHTTeHIBChbKOI TUdpaKIlii i TyHenbHa CKaHyBallbHa Mikpockoris. [lokasaHo, mo 30iIbIIeH-
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